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INTRODUCTION 
The principal objective of my research was the construction and 
isolation of a cDNA. probe for the striated muscle protein titin. Titin is 
a recently discovered, very hlgh-molecular-welght protein that is believed 
to be a structural component of myofibrils in striated muscle. 
Substantial current evidence suggests that titin comprises, either wholly 
or in part, a third set of longitudinally-running filaments in the 
myofibril, in addition to the myosin-containing thick filaments and 
actin-containing thin filaments. Titin has proven to be a difficult 
protein to work with due to its solubility properties, high molecular 
weight, and susceptibility to proteolysis. Thus, relatively little is 
known concerning the structure of this protein. Furthermore, evidence 
from this lab as well as others has suggested that titin is synthesized at 
early stages in the differentiation of myogenic cells, and that this 
protein may play a role in the organization and assembly of myofibrils in 
developing muscle. However, no information is available regarding 
regulation of expression of this protein during muscle development. As a 
possible approach to obtaining additional information about the structure 
and expression of this protein, we attempted to isolate a cDNA probe for 
titin. 
Probes for several other muscle proteins have already been isolated 
and extensively characterized; their availability has made it possible to 
begin to understand the complex processes of gene regulation in muscle as 
well as providing information about the structure of these proteins. 
Labeled cDNA probes can detect the presence of complementary RNA or DNA 
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sequences through hybridization. The ability to detect specific 
nucleotide sequences is a very powerful tool, as it allows experiments to 
be conducted to determine whether a particular transcript is present in 
the cytoplasm as well as its relative abundance, to ascertain the genomic 
copy number of a gene, to determine the size of a gene or transcript, and 
to map introns within a gene. 
There are many details concerning titin's structure and regulation 
that might be clarified if a probe were available. For example, if RNA is 
electrophoretically separated and transferred to nitrocellulose, the 
resulting "Northern" blot can be used for hybridization experiments 
(Thomas, 1980). Hybridization of a radiolabeled titin probe to 
transferred skeletal muscle cytoplasmic RNA would allow an estimate of the 
size of titin's transcript to be made. Along similar lines, multiple 
probes could ascertain whether titin is coded for by more than one 
transcript. The presence of more than one hybridization band on the blot 
would suggest that intermolecular cross-linking of titin polypeptides 
occurs post-translationally. Secondly, using such RNA blots the temporal 
aspects of the appearance of titin's message in the cytoplasm could be 
investigated, as well as the correlation between its appearance and the 
appearance of other contractile gene transcripts and myoblast fusion. 
Thirdly, if probes for distinct titin isoforms were available, the 
tissue-specific and developmental expression patterns of titin could be 
investigated. Probes to a-, 0-, and 7-actins have been used to explore 
regulation of the actin gene family. Through the use of primer extension 
techniques, it has even been possible to distinguish between a-cardiac and 
a-skeletal actin transcripts (Faterson and Eldridge, 1984; Ordahl, 1986; 
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Hayward and Schwartz, 1986). There are only 4 differences in the amino 
acid sequences of the two a-actins, but the transcripts of the two 
isoforms differ significantly in both the 5' and 3' untranslated regions, 
allowing them to be differentiated. Yoshidomi et al. (1985) provided 
evidence for at least 3 developmental titin isoforms, and Hill and Weber 
(1986) claim the existence of a cardiac-specific titin. ' Thus, 
identification of cDNÂ probes for titin could help to clarify the 
regulation of titin isoform expression. 
Preparation of a specific cDNA. probe to a protein requires the 
isolation of intact RNA, construction of a cDNA library containing all of 
the coding sequences, insertion of the cDNA into an appropriate vector, 
and screening of the library to identify the clone of interest. Each step 
needs to be optimized for the specific experimental system; this proved to 
be difficult due to the large size of titin. In addition, the choice of 
vector and method of screening need to be considered. Cloning vectors are 
grossly divided into expression or non-expression vectors, and the choice 
depends on the method of screening. Expression vectors are utilized when 
antibody detection is to be employed, and non-expression vectors are used 
when nucleic acid hybridization is the mode of detection. Since no 
sequence data was available for titin, it was not possible to synthesize 
an oligonucleotide probe. However, both monoclonal and polyclonal 
antibodies to titin were available in the laboratory. Thus, an expression 
vector was utilized. Several types of expression vector were evaluated, 
and Xgtll was chosen because it has been shown to be a very versatile 
general cloning vector. This vector has proven particularly useful for 
Isolation of cDNAs for myofibrillar proteins, such as myosin light chains 
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(Reinach and Fischman, 1985) and nebulin (Stedman et al., 1988), by 
antibody screening. 
Experiments described in this dissertation allowed identification of 
at least one positive clone, from an embryonic chick cardiac muscle cDNÂ 
library. Western blots of the fusion protein encoded by this probe, using 
antibodies to titin and g-galactosidase, were used to ensure that the 
insert coded for titin. The insert was then characterized by Northern 
blots and sequence analysis. 
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LITERATURE REVIEW 
Structure of Striated Muscle 
The mature skeletal muscle fiber is a multinucleated cell with a 
diameter generally between 10 and 100 pm, and with a variable length of 
between 1 and 340 mm [see Huxley (1972) or Goll et al. (1984) for review]. 
The cells are surrounded by an excitable trilaminar membrane, or 
sarcolemma. Each fiber is formed during embryonic development by the 
coalescence of many mononucleated myoblasts [see Allen et al. (1979) for 
review]. A typical skeletal muscle cell contains 100-200 nuclei, each one 
contributed by a myoblast that has fused to form the fiber. The 
contractile machinery of the cell consists of myofibrils, longitudinally 
running organelles, which in turn are composed of regularly repeating 
units termed sarcomeres. Myofibrils constitute about 50% of the cell's 
protein. The sarcomeres of resting muscle are typically 2.3-2.8 jura in 
length (Huxley, 1972), and are bordered by two Z-lines. The sarcomere 
contains two major sets of interdigltating filaments, thin filaments and 
thick filaments, so named for their diameters. The thin filaments are 
anchored at one end to the Z-line, and are composed of actin, tropomyosin, 
and the troponin complex. The thick filaments, composed primarily of 
myosin along with a lesser amount of C-protein are not anchored to the 
Z-line, but Insert between the ends of the thin filaments. Thick 
filaments appear to be connected at their centers by the M-line. 
Examination of myofibrils under a phase contrast microscope reveals 
alternating dark and light bands. The dark bands, or A-bands, correspond 
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to the thick filaments, while the lighter I-bands correspond to the thin 
filaments. The I-band is bisected by the dark Z-line. 
Cardiac muscle cells differ in some respects from skeletal muscle 
cells. In general, they do not fuse to form syncytia; however, 
occasionally a cell will contain two nuclei. Additionally, the sarcolemma 
contains intercalated disks, which are specialized regions for electrical 
conductivity and transmission of mechanical tension between cells, thus, 
allowing the cells to form a functional syncytium. Cardiac muscle cells 
do, however, contain myofibrils, and the structure of the myofibrils and 
mechanism of contraction are essentially identical to those of skeletal 
muscle cells (see c.f. Sommer and Vaugh, 1978). 
Contraction of striated muscle occurs by the sliding filament model 
first proposed by Huxley and Hanson (1954) and independently by Huxley and 
Niedergerke (1954). Tiny cross-bridges, which are the globular heads of 
myosin molecules, span the gap between the thick and thin filaments and 
reversibly attach to the thin filament. During muscle contraction, these 
cross-bridges are responsible for movement of the thin filaments past the 
thick filaments, resulting in shortening of the distance between Z-lines. 
Nerve stimulation of muscle fibers results in release of calcium into the 
sarcoplasm. When intracellular calcium levels reach 10'^  M in striated 
muscle, contraction occurs. Calcium ions bind to troponin-C, and this 
induces a conformational change in the entire troponin complex, which in 
turn is translated to tropomyosin. Tropomyosin then shifts its position, 
allowing the cross-bridges access to the thin filament. They attach to 
the thin filament, swivel so that the sarcomere length shortens, detach, 
and reset. This process is repeated until calcium levels decrease. The 
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chemical energy for contraction is provided by hydrolysis of ATP by 
myosin. 
In addition, the existence of a third set of longitudinally-running 
filaments in the sarcomere has been postulated. Hanson and Huxley (1953) 
initially hypothesized the existence of such filaments, which they termed 
"S" filaments. Several years later, Sjostrand (1962) found thin filaments 
which were visible when muscle fibers were over-stretched, and termed them 
gap filaments. In 1963, "C" filaments of invertebrate flight muscle were 
described, which connect the thick filaments to the Z-line (Auber and 
Conteaux, 1963). Later, Cuba et al. (1968) counted filaments in serial 
cross-sections of rabbit psoas muscle and concluded that there is a 
continuity of thick filaments to the Z-line. Most recently, Locker and 
Leet (1975) renewed Interest in gap filaments after finding them in the 
gap between the ends of the thin and thick filaments in highly stretched 
beef muscle. Although the existence of connecting filaments in insect 
flight muscle has been widely accepted, the existence of a similar set of 
gap filaments in striated muscle has remained a source of controversy [see 
Wang (1984, 1985) for review]. 
In 1976, a new elastic protein, connectin, was isolated from rabbit 
myofibrils (Haruyama et al., 1976). This initial connectin preparation 
consisted of the residue remaining after extraction of myofibrils with a 
series of solutions, which included some relatively harsh treatments such 
as phenol extraction. After extracting rabbit psoas myofibrils to remove 
most of the thick and thin filament proteins, dos Remedies and Gilmour 
(1978) found an extraction-resistant array of filaments that shared many 
of the solubility properties of connectin. Connectin was believed to 
8 
comprise about 5% of the total myofibrillar proteins (Maruyama et al., 
1977). The estimates of the size of connectin varied over a wide range. 
Initially, it was believed that connectin was heterogeneous in size. À 
band corresponding to a molecular weight of 43,000 was seen on 
polyacrylamide gels, as well as several bands in the range of 80,000 to 
100,000 daltons. Additionally, there was a band which migrated very 
slowly, and was estimated to be about 800,000 daltons (Maruyama et al., 
1980). Other investigators modified the isolation procedure to eliminate 
the harsher steps, and found that the smaller bands were likely due to 
contamination by other myofibrillar and connective tissue proteins (King 
and Kurth, 1980). 
Independently, in 1979, Wang reported the discovery of titin, a very 
high-molecular-weight protein component (Mj. >1.2 xlO®) of striated 
muscle, which he purified by gel filtration of sodium dodecyl sulfate 
(SDS) solubilized chicken breast myofibrils (Wang et al., 1979). Finally, 
in 1981, it was determined the high-molecular weight components of the 
original connectin preparations were identical to titin, and that purified 
connectin and titin are indeed the same protein (Maruyama et al., 1981). 
Titin is present in vertebrates in both skeletal and cardiac muscle cells 
(Wang et al., 1979), but so far has not been found in smooth muscle. It 
is also present in many invertebrates, but with a somewhat smaller 
molecular weight (Locker and Wild, 1986). 
Due to the large size of titin, it is possible that it may consist of 
two or more cross-linked polypeptide chains. Initially, some evidence for 
cross-linking was found (Fujii et al., 1978; Fujii and Kurosu, 1979), but 
other investigators found that such evidence was due to contamination by 
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collagen (Robins and Rucklldge, 1980). Amino acid analyses also found no 
evidence for cross-linking (Gruen et al., 1982; Maruyama et al., 1983). 
The exact molecular wei^ t of titin is still debated. Titin exists as two 
species, referred to as T1 and T2 (or a- and #-connectin) when electro-
phoresed on high porosity SDS-polyacrylamide gels, with the smaller one 
being a proteolytic fragment of the larger (Wang, 1985; Maruyama, 1986). 
The two species originally were estimated to be 1.4 and 1.2 megadaltons by 
Wang et al. (1984), and 2.8 and 2.1 megadaltons by Maruyama et al. (1984). 
This wide range is due, in part to the extremely large size of the 
protein, as accurate molecular weight standards do not exist for such 
large proteins. Most recently, Wang's laboratory (Kurzban and Wang, 1988) 
has reported molecular weights of 2.8 x 10^  and 2.6 x 10® for T1 and T2, 
respectively, from sedimentation equilibrium in guanidine hydrochloride. 
The exact structural organization of titin in the myofibril is not 
clear. Using polyclonal antibodies to titin, Wang et al. (1979) detected 
staining at the Z-line, M-line, A-I band junction, and possibly throughout 
the entire A-band in glycerinated chicken skeletal muscle myofibrils. 
Maruyama et al. (1980), using antibodies to connectin to label 
glycerinated chicken skeletal muscle myofibrils, saw staining in the 
A-band, Z-line, and, to a lesser extent, in the I-band. Anti-titin 
uniformly labeled cross-sections of myofibrils,- indicating that it is 
distributed throughout much of the sarcomere (Wang, 1985). 
Trlnick (1981) observed small "end-filaments" at the ends of isolated 
thick filaments, and these end-filaments were later identified as titin 
(Gassner, 1986). The location in the thick filament where these 
end-filaments (titin) terminate, as well as the nature of titin's 
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Interaction with thick filaments, are not completely characterized. 
Maruyama and Kimura (1985) feel that titin filaments span the length of 
the sarcomere, are external to the thick filaments, and extend from the 
Â-band to the Z-line. Â second model, proposed by Locker and Leet (1976), 
suggests that titin filaments run through hollow cores of the thick 
filaments, emerge at only one end and extend through the Z-line to attach 
to another thick filament in an adjacent sarcomere. Thirdly, Wang (1984, 
1985) has proposed a model in which titin is wrapped around both the thick 
and thin filaments, and is anchored at both ends to N2 lines, which are 
poorly characterized bands in the I-band. In this latter model, nebulin 
(Mj. 5-6 X 10^ ) extends from the N2 lines to the Z-lines (or very near 
them), and serves to attach titin filaments to the Z-line. Electron 
microscopy of rotary shadowed T2 has demonstrated that titin is a long, 
extended molecule at least 0.6 fjm long and possibly as long as 1.2 pm 
(Maruyama et al., 1984; Trinick et al., 1984; Wang et al., 1984), 
More recently, a number of immunocytochemical localization studies 
using monoclonal antibodies to different epitopes along the extended titin 
molecule (Furst et al., 1988, 1989a; Maruyama et al., 1989; Pierobon-
Bormioli et al., 1989) have provided evidence to suggest that: (1) a 
single titin molecule extends from the Z-line to a point in the A-band 
near the M-line; (2) titin is symmetrically organized relative to the 
center of the sarcomere (i.e. relative to the M-line); (3) the region of 
titin located in the I-band is extensible while the region in the A-band 
is not; and (4) the portion of T1 that is cleaved to produce T2 is the 
portion that attaches titin to the Z-line. Also, titin does not appear to 
be associated with nebulin (Furst et al., 1988; Wang and Wright, 1988). 
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It is evident- that, as yet, many details concerning the structural 
organization of titin are unresolved. 
As far as the physiological role of titin is concerned, there are 
several possibilities. Titin likely serves as an elastic component of the 
sarcomere (Vang, 1985; Maruyama, 1986) and may function to maintain the 
position of the thick filaments during contraction or stretch (Horowits 
and Podolsky, 1987; Maruyama et al., 1989). Horowits et al. (1986) 
irradiated skinned rabbit psoas fibers to selectively destroy titin and 
nebulin, and found that tension generation fell to less than 15% of that 
of control samples, even when more than 90% of the other major 
myofibrillar proteins were left intact. This result suggests that, along 
with nebulin, titin may be involved in the ability of skeletal muscle to 
generate both active tension in response to calcium ions, and passive 
tension in response to stretch. A possible role for titin in the 
organization of myofibrils during myofibrillogenesis in developing muscle 
has also been suggested (Hill et al., 1986; Handel et al., 1989; Furst et 
al., 1989b). 
Developmental and Tissue-specific Expression of Contractile Proteins 
Skeletal muscle is ultimately derived from the mesoderm; during 
embryonic development, certain mesodermal cells differentiate to form 
myoblasts. These are spindle-shaped, mononucleated cells that, after 
several cell divisions, withdraw from the cell cycle and fuse to form 
myotubes, which then synthesize muscle-specific contractile proteins. 
However, these three processes are not necessarily linked. For example, 
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in myogenic cell cultures, removal of calcium from the medium Inhibits 
myoblast fusion, but synthesis of contractile proteins occurs (Moss and 
Strohman, 1976; Turner et al., 1976; Herlle and Gros, 1976). There are 
two main theories concerning the mechanism of differentiation of a 
fusion-Incompetent myoblast into a fusion-competent one. The first 
Involves the Idea of a "quantal" mitosis (Chi et al., 1975), a cell cycle 
which Involves a reprogrammlng of the cell's developmental potential. 
This theory propounds that the quantal mitosis Is a prerequisite for 
fusion. Alternatively, Konlgsberg has proposed that environmental factors 
are responsible for fusion (Konlgsberg, 1971; Konlgsberg et al,, 1978; 
Devlin and Konlgsberg, 1982). In either case, It is clear that fusion of 
myoblasts Is accompanied by a large Increase in synthesis of contractile 
proteins and by switching from the expression of cytoplasmic Isoforms of 
contractile proteins to the expression of muscle-specific isoforms (Devlin 
and Emerson, 1978). Additionally, maturation of the immature myotube to 
form mature muscle fibers also involves changes in expression of isoforms 
of contractile proteins. Thus, different skeletal muscle fiber types 
(I.e., red vs. white) contain different Isoforms of many of the 
contractile proteins. Because the chicken system has been a useful model 
for developmental studies, and because the work herein deals with the 
chicken model, this review will deal primarily with isoform expression in 
chicken skeletal muscle. However, similar changes in isoform expression 
have been shown in mammalian systems (Hoh and Yeoh, 1979; Wydro et al., 
1983; Buckingham, 1985; Schachat et al., 1985). 
The majority of the research on isoform expression has dealt with 
isoforms of actln and myosin. Isoforms of actin have been classified as 
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a, 0, or y depending on their isoelectric points. Vandekerckhove and 
Weber (1978, 1979) sequenced actins from several sources, and demonstrated 
the present of six tissue-specific isoforms: «-skeletal, a-cardiac, 
a-smooth, 0-cytoplasmic, 7-smooth, and 7-cytoplasmic, depending on their 
amino acid sequence. Some investigators, however, have postulated the 
existence of additional isoforms (Bravo et al., 1981; Bremer et al., 1981; 
Leavitt and Kakunaga, 1980; Harotta et al., 1978; Bergsma et al., 1985). 
In embryonic chicken skeletal muscle four of the six isoforms have been 
detected; a-skeletal, a-cardiac, j3-cytoplasmic, and ^ -cytoplasmic 
(Obinata, 1985; Obinata et al., 1983). The ff- and 7-actins are detectable 
in large quantity in the myofibrillar fraction; hence, they may be 
assembled into embryonic myofibrils (Obinata, 1985). But by hatching, 
even though jS- and 7-actins are still present in the soluble fraction, 
they are not in the myofibrillar fraction (Shimuzu and Obinata, 1980), 
Additionally, 11-day skeletal embryonic muscle contains primarily 
a-cardiac actin; only a small amount of the a-actin is skeletal. However, 
a transition takes place prior to hatching; 18 day embryos contain about 
50% cardiac and 50% skeletal isoforms (Vandekerckhove et al., 1986), 
The myosin molecule is composed of six polypeptide chains: two heavy 
chains and two sets of two light chains. Use of monoclonal antibodies to 
myosin heavy chains suggests that, in chicken pectoralis muscle, there is 
an embryonic form, an early post-hatch (neonatal) form, and an adult form 
of myosin heavy chain (Winkelmann et al., 1983; Bader et al., 1982). 
Benfield et al. (1983) used peptide mapping to show that embryonic myosin 
in chicken pectoralis muscle may be separated into two fractions; thus at 
least four myosin heavy chain (MHC) isoforms have been detected in this 
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muscle. However, recent evidence indicates that the pattern of isoform 
switching in chicken skeletal muscles does not necessarily follow that of 
the pectoralis. Crow and Stockdale (1986) examined fourteen types of 
chicken skeletal muscles and found three distinct patterns of isoform 
expression. 
There is also evidence that a cardiac isoform of MHC is expressed in 
embryonic skeletal muscle. Sweeney et al. (1984) used monoclonal 
antibodies to demonstrate that, in very early embryos, the somitic myotome 
expresses an isoform which reacts with a cardiac antibody. As development 
of the embryo progresses, co-expression of both cardiac and skeletal 
isoforms occurs, and by hatching, expression of the cardiac isomyosin 
greatly diminishes. Independently, Gorza et al. (1983), utilizing 
polyclonal antibodies, also found that embryonic muscle contains a MHC 
immunologically related to ventricular myosin. 
In avian slow tonic muscles, there exist two forms of myosin, termed 
SMI and SM2, each of which contains a unique heavy chain, as shown by gel 
electrophoresis and peptide mapping procedures (Matsuda et al., 1982). 
There is also evidence that the anterior latlssimus dorsi muscle contains 
an embryonic form of MHC, which may (Matsuda et al., 1982), or may not 
(Benfield et al., 1983) be the same as embryonic fast MHC. 
Each myosin molecule contains two sets of two light chains (MLCs), 
alkali and regulatory light chains. Fast and slow isoforms of both types 
exist in skeletal muscle. Five separate isozymes are known; LClg, LClf, 
LC2g, LC2f, and LC3f, with subscripts denoting whether they are fast or 
slow isoforms. LC2g and LC2f are regulatory light chains, and the others 
are alkali light chains. In avian embryonic fast muscle, beginning at day 
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five in ovo and continuing to about day eight, only fast MLCs are present. 
LClf appears first, with LC2f appearing about two days later. From days 
eight to twelve, LGlg, LClf, LC2g, and LC2f are present in the pectoralis 
muscle. After day twelve, LClg and LC2g disappear, and LC3f appears (Crow 
et al., 1983). In embryonic slow muscle, a similar situation is found. 
At day twelve, LClg, LClg, LC2g, and LC2f are all present. As development 
progresses, the relative proportion of slow MLCs rises until hatching 
(Crow et al., 1983). A unique light chain, termed Lgg, has recently been 
found in embryonic breast muscle, as well as in cardiac and smooth muscles 
(Takano-Ohmuro et al., 1985). This is likely a uniquely embryonic form of 
an alkali light chain. For the other MLCs, there seem to be no 
differences between embryonic, neonatal, and adult forms. 
Multiple isoforms of other contractile proteins have also been 
demonstrated, including tropomyosin (Roy et al., 1979), troponin (Toyota 
and Shimada, 1981), and C-protein (Obinata et al., 1984). Expression of 
these isoforms is regulated in both a tissue-specific and developmental 
manner. However, the changes in expression of these contractile proteins 
that occur during development are not coordinately regulated. Little is 
currently known concerning the existence of isoforms of the high molecular 
weight proteins titin and nebulin. Yoshidomi et al. (1985) provided 
evidence for three different developmental isoforms of titin (connectin), 
with slightly different mobilities on SDS gels. These titin isoforms, 
which they refer to as a-, 0-, and y-connectin, are differentially 
expressed during development in breast muscle in a manner similar to 
pectoralis myosin. However, these isoforms have not been characterized by 
more rigorous techniques. 
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Organization and Regulation of Contractile Protein Genes 
The chicken genome is thought to contain a minimum of eight to ten 
actin genomic loci. Distinct a-skeletal, a-cardiac, «-smooth, and 
-^cytoplasmic actin genes have been isolated, and it is thought that each 
of these isoforms is encoded by a single gene (Chang et al., 1984). 
Additionally, 7-actin, of which there are two isoforms, is thought to be 
present in at most three copies (Cleveland et al., 1980). Therefore, in 
the chicken, it is likely that each actin isozyme is transcribed from a 
separate gene. 
To date, there have been eleven different HHCs detected in the 
chicken: three in fast-twitch skeletal, two in slow-tonic skeletal, two 
in smooth (Masaki et al., 1986), three in cardiac (Zadeh et al., 1986), 
and one non-muscle form. The number of polypeptide isoforms, however, 
does not give information about the number of different genes. It has 
been estimated that there are 31 unique myosin sequences in the chicken 
genome (Robbins et al., 1986). This does not take into account possible 
pseudogenes which are not functional. Seven of these genes were shown to 
code for fast twitch skeletal isoforms. Hence, as with actin, it seems 
that each isoform arises from an individual gene. 
As far as MLCs are concerned, the situation is less clear. There are 
three known fast twitch skeletal MLCs, two slow tonic skeletal, three 
cardiac, two smooth, and two non-muscle, which co-migrate with smooth MLCs 
when electrophoresed. Additionally, MLC23 is expressed in all embryonic 
muscle cells. Nabeshima et al. (1984) have shown that the skeletal 
isoforms LCI and LC3 are encoded by the same gene, and that alternative 
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methods of splicing the initial RNA script give rise to the two different 
isozymes. It is unknown, however, how many distinct MLC genes exist in 
the chicken. 
Â large number of studies have attempted to measure mRNA levels of 
contractile proteins in myoblasts and In myotubes. Devlin and Emerson 
(1979) measured mRNA levels of eight muscle-specific proteins in quail 
skeletal muscle cell cultures, and found that dividing myoblasts contain 
very little translatable RNA, and that the levels coordinately accumulate 
after fusion, paralleling increases in the rate of protein synthesis. 
However, Robbins and Heywood (1978), using a cDNA probe, showed that MHC 
mRNA was present in chick myoblasts. Two possible sources of error must 
be kept in mind when analyzing these studies: the fact that there are not 
any translatable mRNAs cannot be extrapolated to mean that the mRNAs are 
not present; and, it is difficult to differentiate between contaminating 
fibroblasts, dividing myoblasts, and non-dividing myoblasts. Even so, 
fienoff and Nadal-Ginard (1979) found a small but detectable level of MHC 
mRNA in dividing rat myoblasts. Similarly, Schwartz and Rothblum (1981) 
found low levels of a-actin mRNA in replicating chick myoblasts. Dym et 
al. (1979) have shown that post-mitotic chick myoblasts contain 
muscle-specific mRNA, stored as ribonucleoproteins (mRNFs). Affara and 
colleagues (Affara et al., 1980) used three separate types of cells to 
study transcriptional control. Using multipotential mouse embryonal 
carcinoma cells, committed teratocarcinoma-derived myoblasts, and 
terminally differentiated myotubes, they found that there are qualitative 
changes in gene expression due to nuclear transcriptional control, as 
shown by cDNA hybridization to nuclear RNA (nRNA). Also, they have shown 
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that there are changes In the DNAse I digestion pattern of DNA sequences 
between the embryonal carcinoma cells and the myotubes. Taken together, 
these results suggest that transcriptional control is of primary 
importance in muscle differentiation, although the exact mechanisms remain 
to be elucidated. How this regulation is linked to myoblast fusion or 
withdrawal from the cell cycle also is unknown. 
As previously mentioned, there is evidence that some contractile 
protein isoforms are regulated at the RNA processing step. It appears 
that LCI and LC3 are encoded by the same gene in both chickens (Nabeshima 
et al., 1984) and rats (Periasamy et al., 1984). Alternative splicing is 
responsible for synthesis of different troponin T isozymes in chickens 
(Wilkinson et al., 1986) and rats (Hedford et al., 1984), and has been 
found to be involved in expression of tropomyosin isoforms in chickens 
(Fiszman et al., 1986) and rats (Nadal-Ginard et al., 1986). Drosophila 
MHC and alkali HLC isoforms also involve alternative RNA processing 
(Davidson et al., 1986). Clearly, the method of alternative splicing is 
also important in muscle gene regulation. 
Heywood and his associates have found evidence for RNAs associated 
with non-ribosomal proteins (mRNPs), and have propounded that these mRNPs 
play an important role in the translational control of MHC synthesis. MHC 
mRNPs have been isolated from both embryonic and cultured muscle. These 
mRNPs preparations yield a native particle that cannot be translated in 
vitro, but the mRNA from these mRNPs has been shown to direct the 
synthesis of MHC in cell-free systems (Heywood and Kennedy, 1976; Jain and 
Sarkar, 1979). Hence, major modification of the mRNA is unlikely; other 
components must be involved in repressing the mRNA (Heywood et al., 1983). 
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Havaranis and Heywood (1981) Isolated MHC nRNFs and characterized the 
protein and RNÂ components. Aside from the MHC mRNA, three low-molecular 
weight RNA components were present, as well as 9 or 10 proteins. One of 
the low molecular weight RNAs contained translatlonal control activity. 
There is also evidence that eukaryotic initiation factor 3 (eIF3) is 
Involved in MHC translation efficiency. There appear to be 
"discriminatory components" which Interact with elF3, and enhance MHC 
synthesis (Heywood and Kennedy, 1979; Cette and Heywood, 1979). 
Finally, there is evidence that post-translatlonal modifications play 
a role in muscle gene regulation. Bandman et al. (1982) Isolated MHC 
mRNAs from two chicken muscles, the pectoralis major and the posterior 
latlsslmus dorsl, and determined that they were identical. Peptide 
mapping experiments, however, showed that the two protein isoforms are 
different; hence, it appears that post-translatlonal modifications are 
responsible for the different isozymes. 
It Is clear that eukaryotes utilize a variety of methods for 
contractile protein gene regulation. Evidence for transcriptional, 
translatlonal, and post-translatlonal regulation has been found; 
evidently, muscle gene regulation is a complicated process that is just 
beginning to be understood. 
Methods of Gene Cloning 
In order to elucidate the details of muscle gene regulation, it is 
necessary to use nucleic acid probes. With such probes, it has become 
possible to begin to understand the dynamics of mRNA production, and how 
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it correlates with differentiation. Production of these probes 
necessitates using genetic engineering techniques, which have arisen 
because of an increased understanding of nucleic acid biochemistry and 
enzymology. 
In both prokaryotlc and eukaryotlc systems, RNA is synthesized from a 
DNÂ template by RNA polymerases. This has been part of the central dogma 
of molecular biology which states that DNA directs the synthesis of RNA 
which directs the synthesis of protein. However, in 1970 a new enzyme was 
discovered, termed an RNA-dependent DNA polymerase or "reverse 
transcriptase". This enzyme catalyzes the synthesis of complementary DNA 
(cDNA) from RNA templates (Temin and Mizutani, 1970; Baltimore, 1970). 
These enzymes are coded for by many types of RNA tumor viruses, including 
avian myeloblastosis virus (Garapin et al., 1970; Hatanaka et al., 1970; 
Green et al., 1970; Scolnick et al., 1970). Avian myeloblastosis virus 
reverse transcriptase (AMV-RT) was first purified and characterized by 
Kacian et al. (1971). The idea of using AMV-RT to synthesize cDNAs from 
exogenous sources was first suggested by Spiegelman et al. (1971). 
Initially, other viral RNAs were utilized as templates, but later globin 
mRNA was used to make cDNA (Ross et al., 1972; Verma et al., 1972; Kacian 
et al., 1972). AMV-RT requires a primer to bind to the EtNA template 
(Baltimore and Smoler, 1971; Verma et al., 1971). It is known that most 
eukaryotlc mRNAs contain adenine-rlch regions (Hadjivassiliou and 
Brawerman, 1966; Edmonds and Caramela, 1969; Edmonds et al., 1971; Darnell 
et al., 1971; Lee et al., 1971), and that these polyadenylic (poly A) 
regions occur at the 3' end of the mRNA molecules (Kates, 1970; Mendecki 
et al., 1972). This.fact has been exploited; thymidylate oligonucleotides 
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are able to serve as primers for the AMV-RT (Ross et al., 1972; Verma et 
al., 1972). However, It Is also possible to prime the reaction using 
random ollgodeoxynucleotldes, which will Initiate transcription from the 
entire length of the molecule (Taylor et al., 1976). When AMV-RT reaches 
the end of its template, it synthesizes a "hairpin" loop at the 3' end of 
the cDNA (Leis and Hurwitz, 1972), which can be utilized by Escherichia 
coll DNA polymerase I (Efstratladls et al., 1976; Hlguchl et al., 1976) or 
by AMV-RT (Rougeon and Mach, 1976) to synthesize the second strand of 
cDNA. Nuclease SI, which degrades single-stranded nucleic acids (Ando, 
1966) can then be used to digest the hairpin loop, while leaving the 
double-stranded cDNA intact. The double-stranded cDNA Is then Inserted 
Into an appropriate vector molecule for maintenance and propagation. 
Several modifications to this scheme have been developed. Wood and 
Lee (1976) did not synthesize the second strand of DNA and merely Inserted 
the heteroduplex molecule into a plasmld after homopolymer tailing of the 
3' ends. Rougeon et al. (1975) added homopolymer tails to the first 
strand, and primed second strand synthesis using the complementary 
oligonucleotide. Rabbltts (1976) tailed a plasmld with thymidylic acid 
residues, and used this tall to prime the first strand synthesis. Okayama 
and Berg (1982) tailed a plasmld with thymidylic acid residues, utilized 
the poly T tract to prime first strand synthesis, and then tailed the 
resulting 3' end with deoxycytidlne. A linking section of DNA containing 
a poly-deoxyguanoslne tall was then added to the heteroduplex, and this 
was then sealed to form a circular molecule. RNAse H, an enzyme specific 
for the RNA strand of an RNA:DNA heteroduplex, was next added to degrade 
the RNA template; it is replaced using E. coli DNA polymerase I. Gubler 
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and Hoffman (1983) extended and simplified this protocol. In their 
method, reduced amounts of RNAse H are added to the heteroduplex to 
introduce nicks in the RNA strand. DNA polymerase I can then be used to 
synthesize the second strand, utilizing the short stretches of RNA as 
primers. 
Depending on particular requirements, a complete cDNA library 
representing all mRNAs may or may not be desirable. There are methods of 
enriching the cDNA produced for a particular sequence of interest. If the 
amino acid sequence of the carboxyl end of a protein is known, synthetic 
oligonucleotides may be synthesized which correspond to the final two or 
three residues. In practice, several oligonucleotides must be synthesized 
due to the degeneracy of the genetic code. These oligonucleotides may 
then serve as primers for the reverse transcriptase (Noyes et al., 1979; 
Sood et al., 1981). It is even simpler if the terminal portion of the DNA 
sequence is known; a corresponding oligonucleotide may also be used in 
this case (Villa-Komaroff et al., 1978). 
It has been known for many years that most eukaryotic gene coding 
sequences are interrupted by non-coding intervening sequences of DNA, or 
"introns" (Jeffreys and Flavell, 1977; Goodman et al., 1977; Breathnach et 
al., 1977), that are removed before the mature mRNA reaches the cytoplasm. 
If the goal is to obtain expression of a eukaryotic gene in a prokaryotic 
host system, then cDNAs of mature RNAs must be used instead of genomic 
DNA. Prokaryotes do not have introns in their cistrons, and so do not 
possess a system for removing them. If a gene containing one or more 
introns is introduced into a prokaryotic host, a viable protein probably 
will not be produced by the bacterial transcriptional and translational 
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machinery, because additional amino acids coded for by the introns will be 
incorporated into the protein. However, mature mRNAs do not contain these 
introns, so cDNÂ copies of these may be used to obtain accurate expression 
of proteins. 
Genotyplc Properties of Xgtll and E. coli Y1090 
There are four major types of vectors used in recombinant DNÂ 
procedures: plasmlds, cosmids, X-based, and those based on 
single-stranded bacteriophages, usually M13. Cosmids, which are hybrids 
of plasmlds and X vectors, are useful for cloning very large fragments of 
DNA and for construction of genomic DNÂ libraries. Single-stranded 
bacteriophage vectors are used for production of single-stranded probes, 
which can then be sequenced or used for hybridization experiments. 
Lambda-based vectors and plasmlds are more versatile; unlike the others, 
they can be used for expression of foreign proteins. Expression vectors 
are used to identify and isolate nucleic acid probes when antibodies have 
been produced against a protein of Interest. The antibody is used to 
screen libraries (either genomic DNA or cDNA) and identify clones 
containing Inserts coding for the protein. The vast majority of 
expression vectors are plasmlds, but in 1983 Xgtll was developed, which 
has become a very popular expression vector (Young and Davis, 1983a,b). 
Expression vectors have been constructed for both prokaryotlc and 
eukaryotlc hosts; with few exceptions, a single vector cannot be used in 
both types of cells. Requirements for both types include the ability to 
place the passenger DNA under the control of a promoter, which is a region 
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of DNA 20 to 200 bases in length that BNA polymerase recognizes and binds 
(Freifelder, 1983). For both eukairyotes and prokaryotes, there are 
additional sequences upstream from the transcriptional starting point that 
are required for the promoter to be fully functional. In bacteria, these 
include the Fribnow box, or -10 sequence, located about 10 bases upstream 
from the first base transcribed (Pribnow, 1975), and the -35 sequence (for 
review see Rosenberg and Court, 1979). Initial binding of the RNA 
polymerase is believed to occur at the -35 sequence, while the Fribnow box 
is thought to determine exactly where transcription begins. In 
eukaryotes, less is known, but there appear to be analogous sequences to 
those in prokaryotes, including a "TATA" box 25-30 bases upstream from 
initiation, and the "CAT" box, located around the -80 position. 
Promoters have varying degrees of strength, which is directly 
correlated to the frequency of transcription. It appears that the exact 
nucleotide sequence of the promoter determines how often the RNA 
polymerase successfully initiates transcription; even a single base change 
can drastically affect the promoter's strength. In expression vectors, it 
is desirable to have a strong promoter directing transcription of the 
cloned DNA, so that expression of the gene will be maximized. In Xgtll, 
the lacZ promoter is utilized, which is both a strong and highly 
regulatable promoter. 
To achieve expression of foreign proteins, sequences directing 
translation as well as those for transcription must be present. Bacterial 
transcripts require the Shine - Dalgamo sequence, a series of 6 to 8 
nucleotides directly upstream from the AUG initiation codon (Shine and 
Dalgamo, 1975). This nucleotide sequence probably acts by binding to the 
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3' end of the 16S rlbosomal RNA, thereby correctly positioning the RNA for 
translation. Lastly, one or more termination codons must be present to 
cease translation; UAÀ, UÂG, or UGA will terminate translation in both 
prokaryotes and eukaryotes. 
There are two main types of expression vectors, categorized depending 
on whether or not they direct the synthesis of fusion peptides. A fusion 
peptide contains the N-terminal portion of a bacterial protein coupled 
(fused) to a eukaryotic peptide coded for by the passenger DNA. In this 
case, the prokaryotic promoter and Shine-Dalgamo sequences are utilized, 
and any stop codons present in the passenger DNA will determine when 
translation terminates. In vectors that produce unfused proteins, the DNA 
is placed immediately downstream from a bacterial promoter and 
Shine-Dalgamo séquence. Depending on the vector, an ATG initiation codon 
may or may not be present; If it is not, one must be added to the 
passenger DNA prior to insertion. The Xgtll vector is designed to produce 
a fusion protein coupled to g-galactosidase. The vector contains a single 
EcoRI restriction site located near the carboxyl end of the coding region, 
which is the Insertion point for passenger DNA. Insertion usually 
inactivates the ^ -galactosidase; however, very small Inserts sometimes 
allow a portion of the enzyme's activity to be retained. 
Another important genotypic feature of Xgtll is the lac operon 
operator region located adjacent to the g-galactosldase promoter. 
Repressor molecules, coded for by the lad gene, bind to this operator and 
prevent RNA polymerase from binding to the promoter. If lactose or a 
chemical analog such as Isopropylthiogalactoslde (IPTG) is present, it 
binds to the repressor; this complex cannot bind to the operator, so 
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transcription is de-repressed. Thus, expression of foreign genes in Xgtll 
is completely regulated. In the absence of an inducer, no transcription 
occurs because of repression, but addition of IPTG leads to derepression 
and a high level of expression of cloned genes. 
A third feature of Xgtll is a temperature-sensitive mutation in the 
cl gene. This gene codes for another repressor, one that allows Xgtll to 
integrate stably and heritably into the host's DNA. If the repressor is 
absent, the phage enters the lytic cycle. At temperatures above 39 "C the 
repressor is inactivated, while at temperatures below 34 °G, it is fully 
active. This mutation allows regulation of the life cycle of the phage, 
which is important for preparative procedures. Also, the usual method of 
identification of foreign proteins coded for by Xgtll is to screen plaques 
instead of lysogens, so it is imperative to be able to induce plaque 
formation. 
The vector also contains an amber mutation in its S gene, which codes 
for one of the two proteins required for lysis of the host cell. An amber 
mutation results in a new UAG stop codon; if the mutation is in the coding 
region of a gene, premature termination of translation occurs, so a 
biologically active protein is not produced. However, some strains of 
bacteria contain "suppressors" which, under certain circumstances, allow a 
functional protein to be produced. Suppressors are mutant tRNAs which 
recognize the UAG codon and insert an amino acid at that point, allowing a 
functional (or partially functional) protein to be produced. SupT allows 
the cell to read throu^  an amber mutation, so any host that is used for 
screening must contain it. 
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The host most often used for antibody screening with Xgtll is E. coli 
Y1090. There are several pertinent genotypic mutations in this strain 
which make it ideal for use with Xgtll. First, the strain carries pMC9, a 
derivative of pBR322, that contains a mutant lad gene. This gene codes 
for the repressor which binds to the lac operator region on the phage. 
The mutation causes constitutive synthesis of the repressor, which ensures 
that no transcription of recombinant DNA occurs until an inducer is added. 
Foreign proteins are often toxic to the host, so it is desirable that 
their synthesis be repressed until sufficient numbers of cells have been 
infected with the phage. Y1090 also contains a deletion of its native 
/}-galactosidase gene, which allows a chromogenic analysis of cells 
transfected with Xgtll to determine whether the #-galactosidase gene 
contains passenger DNA. With addition of X-gal, plaques are blue if a 
functional /3-galactosidase has been produced, but are clear if the protein 
has been inactivated by insertion of DNA. 
Additionally, Y1090 is deficient for the Ion protease, which is one 
of several proteases responsible for degrading abnormal E. coli proteins. 
This mutation leads to increased stability of any fusion proteins 
produced, thereby allowing sufficiently high levels to accumulate to allow 
screening with antibody probes. Lastly, the strain carries the requisite 
SupF for successful production of the Xgtll S gene product. Hence, the 
genotypes of both Xgtll and Y1090 make them ideal for the expression of 
foreign proteins. 
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MATERIALS AND METHODS 
RNA Preparation 
Isolation of total RNA 
RNA was Isolated from heart and skeletal muscle of 16-day chick 
embryos using a modification of the procedure of Chirgwin et al. (1979). 
For the skeletal muscle preparation, thigh tissue was isolated from the 
embryo and skin and bones removed. The tissue was then placed in 
Dulbecco's Modified Eagle Medium (GIBCO, Grand Island, New York) while the 
process was completed on remaining embryos. The volume of the tissue was 
then measured, and five volumes of guanidinium isothiocyanate solution 
added [4 M guanidinium isothiocyanate, 0.1 M ^ -mercaptoethanol (j3-ME), 
0.5% (w/v) Sarkosyl, 5 mM Na-cltrate, pH 7.0]. The tissue was then 
homogenized using a Potter-Elvehjem homogenlzer until dispersed. After 
filtration through two layers of cheesecloth, the volume of the homogenate 
was measured and 1 g of solid CsCl was added for each 2.5 ml of homogenate 
and allowed to dissolve. This solution was then layered over a 2.3 ml 
cushion of buffer [5.7 M CsCl/0.1 M ethylenediamine-tetraacetic acid 
(EDTA), pH 7.0] in a Beckman 9/16" x 3 1/2" polyallomer centrifuge tube. 
The CsCl/EDTA solution had previously been treated with 0.1% (v/v) 
diethylpyrocarbonate (DEP) (Sigma Chemical Co., St. Louis, Missouri) for 
12 h at 37 ®C, and autoclaved for 30 min at 120 °C prior to use. The 
homogenate was spun at 25,000 rpm In a Beckman SW41 rotor for 18 h at 22 
°C. At the end of the centrifuge run, the supernatant was discarded and 
the pellet was carefully resuspended in buffer [10 mM Tris-HCl, 5 mM EDTA, 
1% (w/v) SDS, pH 7.4] and heated to 65 "C to facilitate dissolution. The 
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solution was then extracted with an equal volume of 4:1 
n-butanol : chloroform and centrifuged at 5,000 x g for 5 min to separate 
the phases. The aqueous phase was recovered and the organic phase was 
back-extracted with an equal volume of 10 mM Tris-HCl, 5 mM EDTA, 1% (w/v) 
SDS, pH 7.4; centrifugation was carried out as before to separate the 
phases. The two aqueous phases were pooled, and 0.11 volumes of 
DEP-treated 3 M Na-acetate, pH 5.2, and 2.5 volumes of ethanol were then 
added and the RNA was allowed to precipitate with storage at -20 "C for 
several hours. The RNA was then pelleted by centrifugation for at least 2 
h at 5,000 X g at -10 "C and the pellet resuspended in DEP-treated water. 
RNA was stored at -20 "C until use. 
Polv-A"*" RNA selection 
Poly-A^  RNA was selected for using the procedure of Aviv and Leder 
(1972). A disposable 1 ml glass pipette was siliconized by placing it in 
a 5% (v/v) solution of dichlorodimethylsilane in chloroform for 1 min. It 
was then rinsed repeatedly with DEP-treated water. After rinsing, the 
pipette was plugged with glass wool and baked at 250 °C for 2 h. 
Oligo-dT cellulose (Bethesda Research Labs, Gaithersburg, Maryland) 
was equilibrated in binding buffer [0.5 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, 
0.5% (w/v) SDS, pH 7.5] for several hours at 4 ®C. The suspension was 
then poured into the siliconized pipette which had a sterile disposable 
syringe needle attached to the tip. A sterilized cork was used to stop 
the flow from the column. Enough suspension was poured to give a total 
bed volume of approximately 0.5 ml. Approximately 10 volumes of binding 
buffer were then passed through the column to complete the equilibration. 
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The total cellular RNA was heat-denatured at 70 *C for 1 min and then 
placed on ice. Next, an equal volume of 2X binding buffer was added to 
the RNA and the sample was then applied to the column. The eluate was 
collected and reapplied to the column, and the column was washed with 10 
volumes of binding buffer. The bound poly-A"*" RNA was then eluted with 2 
to 3 column volumes of elution buffer [10 mM Tris-HCl, 1 mM EDTA, 0.2% 
(w/v) SDS, pH 7.5]. The RNA was then precipitated by addition of 0.11 
volumes of DEF-treated 3 M Na-acetate, pH 5.2, and 2.5 volumes of ethanol, 
and allowed to stand at -20 "C overnight. It was then collected by 
centrifugation at 5,000 x g at -10 ®C for 2 h, resuspended in a minimum 
volume of DEF-treated water, and stored at -20 °C until use. 
Electrophoresis of RNA 
Electrophoresis of RNA was carried out using the procedure of 
McMaster and Carmichael (1977). RNA was first denatured in a buffer of 1 
M glyoxal (Aldrich Chemical Co., Milwaukee, Wisconsin), 50% (v/v) 
dimethylsulfoxide, and 0.01 M NaH2F0^ , pH 7.0. Frior to use, the glyoxal 
was deionized using AG 501-X8D resin (Bio-Rad, Richmond, California) by 
incubating the glyoxal with the resin at room temperature for several 
minutes until the pH of the glyoxal was at least 3. About 2 fjg of RNA was 
added to the buffer and the solution was incubated 1 h at 50 'C. After 
denaturation of the RNA, 0.25 volumes of loading buffer [50% (v/v) 
glycerol, 0.4% (w/v) bromphenol blue, 0.01 M NaH2F0^ , pH 7.0] was added to 
the sample. The sample was then electrophoresed on a 1.0% (w/v) agarose 
gel at 35 V for 4 h using a Mini-Sub DNA Cell (Bio-Rad). The gel was both 
poured and run in 0.01 M NaH2F0^ , pH 7.0. The running buffer was 
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constantly recirculated using a peristaltic pump and was changed after 2 
h. After electrophoresis, the gel was stained for 30 mln In 30 iJg/ml 
acrldlne orange (International Biotechnologies, Inc., New Haven, 
Connecticut) and destained extensively in an enamel pan at 4 °C in the 
dark with HyO. 
cDNA Construction 
First strand synthesis 
The first strand of the cDNA was synthesized by adding RNA to a 
solution containing ICQ nM Tris-HCl, pH 8.3, 50 mM KCl, 10 mM MgCl2, 28 mM 
1 mM each of the four deoxynucleoside triphosphates (Pharmacia, 
Inc., Fiscataway, New Jersey), 50 pg/ml actinomycin D (Sigma), 0.15 mM 
nicotinamide adenine dlnucleotlde (NAD) (Sigma), 100 /ig/ml each of random 
tetra- and hexa-deoxynucleotides (Pharmacia), 280 U/ml human placental 
rlbonuclease inhibitor (Bethesda Research Labs), 4 pg/ml E. coli DNA 
ligase (0.2 mg/ml, Pharmacia), and 750 U/ml avian myeloblastosis virus 
reverse transcriptase (New England Nuclear, Boston, Massachusetts). The 
reaction was carried out for 2 h at 4 ®C, and then for 16 h at 15 "C. 
The reaction was terminated by the addition of 0.04 volumes of 500 mM 
EDTÀ, pH 8.0. Next, 0.11 volumes of freshly made, filter-sterilized 3 M 
NaOH were then added, and the reaction tube was incubated at 55 "C for 60 
mln. After neutralization with 0.35 volumes of 1 M Tris-HCl, pH 7.5, the 
products were extracted with an equal volume of phenol:chloroform. The 
organic phase was back-extracted with an equal volume of TE (10 mM 
Tris-HCl, 1 mM EDTA, pH 8.0), the aqueous phases combined, and 0.22 
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volumes of 10 M NH^ -acetate and 2.5 volumes of ethanol were added to 
precipitate the single-stranded cDNA. The resulting mixture was allowed 
to stand at least 3 h at -20 "C to completely precipitate the single-
stranded cDNA. The sample was then centrifuged at 5,000 x g for 2 h at 
-10 °C and the pellet resuspended in 200 /il ice-cold 70% ethanol. The 
precipitate was again collected by centrifugation at the same speed and 
temperature for 30 min, resuspended in 20 fjl TE, and stored at 4 ®C. 
Second strand synthesis 
Second strand synthesis was carried out in 100 mM HEFES, pH 6.?, 10 
mM MgCl2, 70 mM KCl, 50 /jU deoxynucleoside triphosphates, 0.33 fjM 
-dATP (specific activity 3,000 Ci/mmol, New England Nuclear), 60 
jLtg/ml random tetra- and hexadeoxynucleotide primers, 0.15 mM NAD, 4 pg/ml 
E. coli DNA ligase, 360 U/ml E. colL DNA polymerase I large fragment 
(14,000 U/ml, New England Nuclear). The reaction mixture was incubated 
for 2 h at 4 *C and then for 16 h at 15 °C. The reaction was terminated 
by addition of 0.04 volumes of 500 mM EOTA, pH 8.0. After heating to 68 
®C for 15-20 min, the reaction mixture was extracted with phenol: 
chloroform and the organic phase was back-extracted with TE. The aqueous 
phases were pooled, and 0.11 volumes of 1 M NaCl was added. A spin-column 
of Sephadex G-50 equilibrated with STE (10 mM Tris-HCl, 100 mM NaCl, 1 mM 
EDTA, pH 8.0) was used to remove unincor-porated deoxynucleotides as 
described by Maniatis et al. (1982). The column (bed volume 0.9 ml) was 
poured in a sterile, disposable 1 ml syringe plugged with glass wool. The 
sample was applied to the column and the column was placed in a 15 ml 
Corex tube and centrifuged at 1,800 x g for 4 min. The DNA was then 
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precipitated by addition of 0.22 volumes of 10 M NH^ -acetate and 2.5 
volumes of ethanol to the eluate. After storage for at least 3 h at -20 
"C, the DNA was collected by centrifugation for 2 h at 5,000 x g at -10 
°C, washed in 70% ethanol, and centrifuged again for 30 min. The DNA was 
resuspended in a minimal volume of TE. 
Addition of EcoKl linkers 
Double-stranded cDNA was methylated in a buffer consisting of 100 mM 
Tris-HCl, pH 8.0, 10 mM EDTA, 333 pM S-adenosyl methionine, 100 pg/ml 
bovine serum albumin (BSA) (Promega Blotec, Madison, Wisconsin), 667 U/ml 
EcoRI methylase (20,000 U/ml, Promega Blotec). The reaction was carried 
out for 30 min at 37 "C. The reaction was terminated by addition of 0.04 
volumes of 500 mM EDTA, pH 8.0 and by heating to 68 ®C for 20 min. The 
products were then extracted with phenol:chloroform, precipitated with 
NH^ -acetate, and recovered by centrifugation as described for synthesis of 
cDNA. One library was not methylated. Instead, it was digested for 60 min 
at 37 "C with 10 U each of PstI and #indIII (10 U/ml, Bethesda Research 
Labs) in 50 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, pH 8.0. 
The cDNA was blunt-ended using T4 DNA polymerase. In a buffer 
consisting of 33 mM Tris-HCl, 66 mM K-acetate, 10 mM Mg-acetate, 10 mM 
j3-ME, 100 |ig/ml BSA, 100 pM deoxynucleoside triphosphates, 300 U/ml T4 DNA 
polymerase (5,000 U/ml, Bethesda Research Labs), pH 7.9. The reaction was 
carried out at 37 "C for 30 min, and terminated by addition of 0.04 
volumes of 500 mM EDTA, pH 8.0. The reaction tube was heated to 68 °C for 
20 min, and then the DNA was precipitated with NH^ SO^  and ethanol and 
recovered by centrifugation as described previously. 
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Fhosphorylated £coRI linkers (New England Blolabs, Beverly, 
Massachusetts) were ligated to the cDNA in a reaction mixture containing 
50 mM Trls-HCl, pH 7.6, 10 mM MgCl2, 1 mM ATP, 1 mM dithiothreitol, 5% 
(w/v) polyethylene glycol-8000, 50 U/ml T4 DNA ligase (1,000 U/ml, 
Bethesda Research Labs). Linkers were present at a concentration of 2,000 
ng/ml. The reaction was carried out for 18 h at 14 "C, and was terminated 
by heating to 68 »C for 20 min. 
Excess linkers were digested from the cDNA by addition of 0.11 
volumes of 1 M NaCl and 100-150 units EcoRl (50,000 U/ml, Bethesda 
Research Labs). The reaction was carried out at 37 °C for 24 h, and was 
terminated by heating to 68 "C for 20 min after addition of 0.04 volumes 
of 500 mM EDTA, pH 8.0. The products were then extracted with 
phenol: chloroform as before, and 0.08 volumes of 4 M NaCl were added to 
the combined aqueous phases. The cDNA was then passed over a 5 ml column 
of Sepharose CL-4B equilibrated with 300 mM NaCl, 10 mM Tris-HCl, 1 mM 
EDTA, pH 8.0. 300 fjl fractions were collected and 20 pi of each was added 
to 5 ml of Aquasol (Amersham, Arlington Heights, Illinois). The fractions 
were then counted on a Beckman LS8000 liquid scintillation counter. 
Fractions containing radioactivity were pooled, precipitated by addition 
of 2.5 volumes ethanol, recovered by centrifugation at 5,000 x g for 12 h 
at -10 »C, resuspended in 400 /j1 TE, reprecipitated with NH4SO4 and 
ethanol as previously described, and finally resuspended in 5 fjl of TE. 
Electrophoresis of cDNA 
The cDNA was analyzed by gel electrophoresis on a 0.8% (w/v) agarose 
gel, cast on GalBond (FHC Corp., Rockland, Maine). The gel was poured and 
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run in TBE (0.089 M Tris-borate, 0.089 M boric acid, 0.002 M EDTA, pH 
8.0). Prior to loading, 0.167 volumes of loading buffer [0.25% (w/v) 
bromphenol blue, 30% (v/v) glycerol] were added to the gel samples. The 
amount of cDNA loaded was determined by monitoring the emission with a 
hand-held monitor; 200-300 cpm was the desired load. The gels were run 
submerged for 4 h at 35 V. The gels were then equilibrated in 2% (v/v) 
glycerol in H2O for 1 h at room temperature, dried for 5 h at 50-55 °C, 
and exposed to Kodak X-Omat AR film overnight at -70 "C. 
Preparation and Screening of Xgtll Libraries 
Preparation of Xetll bacteriophage 
Induction of Xgtll was carried out using the methods of Pirrotta et 
al. (1971). E. coli strain BNN97 was streaked out onto a 100 mm Petri 
dish containing Lurla-Bertanl (LB) medium (10 g/1 Bacto-tryptone, 5 g/1 
Bacto-yeast extract, 10 g/1 NaCl) and 1.5% (w/v) Bacto-agar to obtain 
colonies derived from single cells. Several of these colonies were then 
replica-plated onto two other dishes containing the same medium. One of 
these two plates was incubated overnight at 30 ®C, and the other was 
incubated at 42 ®C. Only colonies which exhibited temperature-sensitive 
growth were utilized (i.e., grew at 30® but not at 42"). A single colony 
was then chosen to inoculate 50 ml of LB broth, and the culture was grown 
overnight at 30 'C with shaking. Next, 20 ml of the culture was added to 
1 1 of fresh LB, and the culture was incubated at 30 "C with shaking until 
the absorbance of the culture at 600 nm was approximately 0.5. At this 
time, the culture was heat-shocked to 45 "C for 15 min with constant 
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shaking, and was then incubated for 4 h at 38 °C with shaking. The 
culture was then tested for Induction by withdrawing two 1 ml samples from 
the flask, adding 2 or 3 drops of chloroform to one of the samples, and 
incubating both at 37 "C for 5 min with intermittent shaking. If the 
sample containing chloroform became translucent, the induction was 
successful. 
Once induction was achieved, purification of the bacteriophage was 
carried out using a modification of the methods described by Yamamoto et 
al. (1970). About 10 ml of chloroform was added to the culture, and 
incubation continued for another 30 min. The culture was then cooled to 
room temperature, and DNAse (bovine pancreatic crystalline, 2,900 U/mg, 
Pharmacia) and RNAse (bovine pancreatic crystalline, 5,561 U/mg, Cooper 
Biomedical, Malvern, Pennsylvania) were added to a final concentration of 
1 fig/ml. The culture was incubated for 30 min at room temperature. Solid 
NaCl was then added to a final concentration of 1 H, and the flask was 
kept on ice for 60 min. Bacterial debris was removed by centrifugation at 
11,000 X g for 10 min at 4 'C. The supernatant was recovered, and 
polyethylene glycol-8000 was added to a final concentration of 10% (w/v). 
The culture was then allowed to stand at least 60 min on ice. The 
bacteriophage were then collected by centrifugation at 11,000 x g for 10 
min at 4 ®C. The pellet was resuspended in SM [50 mM Tris-HCl, 100 mM 
NaCl, 8 mM MgCl2, 0.01% (w/v) gelatin, pH 7.5] 
An equal volume of chloroform was then added to the suspension. The 
suspension was vortexed for several seconds, and then centrifuged at 1,600 
X g for 15 min at 4 "C to separate the phases. The upper (aqueous) phase 
was recovered, and 0.75 g CsCl was added per ml of suspension. The 
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suspension was then centrlfuged for 24 h at 15 ®C In a Beckman 70.1 Ti 
rotor. The X particles, which banded In the centrifuge tube, were 
collected by side puncture of the tube using a 20-gauge needle. 
Bacteriophage particles were stored at 4 °C. 
Isolation of Xetll DNA 
Phage DNA was Isolating according to Hanlatls et al. (1982). The 
bacteriophage were dlalyzed twice for 60 mln against 1 1 of 50 mM 
Trls-HCl, 10 mM NaCl, 10 mM MgCl2, pH 8.0. After addition of 0.04 volumes 
of 500 mM EDTA, pH 8.0, proteinase K (crystalline, Bethesda Research Labs) 
was added to 50 pg/ml. The reaction tube was incubated at 65 °C for 60 
min, and then was extracted with an equal volume of phenol. Phases were 
separated by centrifugatlon at 1,600 x g for 5 min, and the aqueous phase 
was recovered and extracted with an equal volume of 1:1 phenol/chloroform. 
Again the phases were separated by centrifugatlon, and the aqueous phase 
was extracted with an equal volume of chloroform. After centrifuging, the 
aqueous phase was dlalyzed extensively against 1 1 of TE at 4 "C, with 
several changes of buffer. The DNA was stored in TE at 4 °C. 
Preparation of Xetll DNA for passenper insertion 
Several micrograms of Xgtll DNA were ligated together in 50 mM 
Trls-HCl, pH 7.6, 10 mM MgCl2, 1 mM ATP, 1 mM dithlothreltol, 5% (w/v) 
polyethylene glycol-8000, 100 U/ml T4 DNA llgase. The reaction was 
carried out at 14 °C for 24-48 h, and was terminated by heating to 68 °C 
for 20 min. Next, 0.11 volumes of 1 M NaCl and several units of EcoRI 
were added, and digestion carried out at 37 "C for several hours. The 
reaction was terminated by addition of 0.04 volumes of 500 mM EDTA, pH 
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8.0, and the products extracted and precipitated. After recovery, the DNA 
was stored at 4 °C In TE. 
The vector DNÂ was dephosphorylated in a buffer of 50 mM Tris-HCl, 1 
mU MgCl2, 0.1 nM ZnCl2, 1 mM spermidine, 900 U/ml calf intestinal 
phosphatase (18,000 U/ml, Fromega Blotec), pH 9.0. The reaction was 
carried out at 37 "C for 60 min and was terminated by the addition of 0.04 
volumes of 500 mM EDTÂ, pH 8.0 and heating.to 68. "C for 20 min. The 
products were then extracted and precipitated as described above. DNA was 
recovered and stored at 4 *C in TE. 
Preparation of recombinants 
For each library, the cDNA and 0.2 /lig of vector DNA were ligated 
together in 50 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 1 mM ATP, 1 mM 
dithiothreitol, 5* (w/v) polyethylene glycol-8000, 100 U/ml T4 DNA ligase. 
The reaction was carried out at 14 °C for 48 h in a total volume of 10 /jI. 
The concatenated DNA was then packaged into infectious X bacteriophage 
particles using a single-extract in vitro packaging kit (Promega Biotec). 
The ligated DNA was added to the extract, and was incubated at 22 °C for 2 
h; 500 /il of SM and 25 |il of chloroform were then added, and the 
bacteriophage were stored at 4 "C until use. 
Percentage of recombinant bacteriophage were calculated using E. coll 
strain Y1088 as host. An aliquot (usually 1 pi) of the bacteriophage 
preparation was added to 300 fjl of a saturated culture of Y1088 which had 
been grown in the presence of 0.2% (w/v) maltose. The phage were allowed 
to adsorb to the cells for 30 min at room temperature. The cells were 
then added to 3 ml of 50 °C top agar [LB containing 0.7% (w/v) Bacto-agar, 
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40 /til of 100 mM IPTG (Bethesda Research Labs) , 40 fil of 20 mg/ml solution 
of X-gal (Bethesda Research Labs) in N,N-dlmethyIformamide]. The cells 
were then immediately poured onto a 100 mm Petri dish containing LB/1.5% 
(w/v) Bacto-agar. After 5 min the plates were transferred to 42 °C and 
incubated for 8-12 h. At that time, plaques were counted and scored as 
either clear or blue. The percentage of recombinants was then calculated 
(number of clear plaques divided by the total number of plaques x 100). 
Preparation of antlsera 
A female New Zealand white rabbit was used to produce polyclonal 
antibodies to titin according to the method of Richardson et al. (1981). 
Preimmune sera was tested for the presence of antibodies to 
muscle-specific proteins using indirect immunofluorescence on isolated 
chicken myofibrils. The rabbit was injected subcutaneously in multiple 
locations on the back with 1 mg of chromatographically-purified titin 
mixed with an equal volume of Freund's complete adjuvant. Titin was 
purified from chicken myofibrils using the procedure of Wang (1982). Two 
weeks later, the rabbit was boosted with 1 mg of titin mixed with an equal 
volume of Freund's incomplete adjuvant. The rabbit was bled approximately 
2 weeks after the second injection. The serum was enriched for IgG by 
(NH/^ )2S0^  precipitation according to the procedure of Garvey et al. 
(1977). The (NH4)2S04-purified IgG was then dialyzed extensively at 4 <>0 
against PBS (0.01 M Na-phosphate, 0.l5 M NaCl, pH 7.2). The concentration 
of the antibody was determined using a Beckman DU-40 spectrophotometer; 
the absorbance at 280 nm was measured, and divided by 1.37 to obtain the 
concentration in mg/ml. The IgG fraction was stored at -20 "C until use. 
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The IgG fraction was preadsorbed with bacterial lysate coupled to 
Sepharose C1-4B using a modification of the procedure of de Wet et al. 
(1984) to remove antibodies that cross-reacted with phage and bacterial 
proteins. Bacterial lysate was prepared using E. coli BNN97 to inoculate 
1 1 of LB broth. The culture was incubated at 30 °C with aeration until 
the stationary phase was reached. The culture was then heat-shocked to 45 
"C for 20 min with aeration. IFTG was then added to a concentration of 10 
mM, and the culture was incubated for 45 min at 38 °C. The cells were 
then harvested for 10 min at 5,000 x g at room temperature, and 
resuspended in approximately 100 ml of 0.1 M Na-borate, 1 M NaCl, pH 8.0. 
For preparation of the lysate, 100 mg of lysozyme (Sigma) was added, and 
the cells were incubated for 30 min at room temperature. Then 100 /j1 of 
Triton X-100 and 1 mg of DNAse (Sigma) were added, and incubation 
continued for about 1 h. The lysate was cleared by centrifugation at 
8,000 X g for 20 min at 4 'C. The supernatant was adjusted to pH 8.5, and 
half of this was bound to 5 g of cyanogen bromide-activated Sepharose 
CL-4B (Sigma). The Sepharose was first washed with 1 1 of 1 mM HCl, and 
was then equilibrated with binding buffer (100 mM Na-borate, 1 M NaCl, pH 
8.0). The anti-titin IgG fraction was diluted to 1 mg/ml in TBS (150 mM 
NaCl, 50 mM Tris-HCl, pH 8.0), and 1 ml of this was added to each ml of 
settled gel volume. The mixture was rotated end over end for 18 h at room 
temperature in a centrifuge tube. At the end of this time, the gel was 
poured into a 30 ml plugged syringe, and allowed to settle. The syringe 
was unplugged, and the eluate collected. The column was further eluted 
with TBS, and half-column volume fractions were collected until no 
additional antibody eluted, as determined by absorbance at 280 nm. The 
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concentration of the eluate was measured before storing It at -20 °C until 
use. 
Antibody characterization 
The antibody was characterized by Inununoblot by using a modification 
of the procedure of Towbln et al. (1979). Chicken myofibril samples and 
purified tltln were electrophoresed using the SDS-polyacrylamlde procedure 
of Laemmll (1970). Two types of gels were run: 5% (w/v) acrylamlde with 
no stacking gel, and 7.5% acrylamlde with a 3% stacking gel. The ratio of 
bisacrylamlde:acrylamlde was 1:100 (w/w) in the 5% gel, and 1:37.5 in the 
7.5% gel. The 5% gel contained two myofibril samples and one tltln 
sample, and the 7.5% gel contained two myofibril samples. After 
electrophoresis, proteins in the gels were electrophoretlcally transferred 
to Zeta-Frobe membranes (Blo-Rad) overnight at 30 V in 2.5 mM Trls-glycine 
buffer using a Blo-Rad Transblot apparatus. After transfer, one of the 
myofibril samples from each gel was stained for total protein, and the 
other samples were used for antibody characterization. 
Total protein staining was carried out using a fiiotln Blot Kit 
(Blo-Rad), according to the procedure supplied by the manufacturer. This 
procedure involves blotlnylatlon of the transferred proteins, and 
detection with avidln-horseradlsh peroxidase. Antibody staining was 
carried out using a modification of the procedure of Johnson et al. 
(1984). After transfer, the membranes were washed three times for 30 min 
each in BLOTTO [5% (w/v) non-fat dry milk in TBS (0.02 M Tris-HCl, 0.5 M 
NaCl, pH 7.5)]. They were then incubated with the preadsorbed antl-tltln 
IgG diluted to 3 pg/ml in BLOTTO for 1 h, washed three times for 10 min in 
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BLOTTO, and then Incubated with goat anti-rabbit horseradish peroxidase 
(Sigma) diluted 1:1000 in BLOTTO for 1 h. After incubation, the membranes 
were rinsed three times in TBS, developed with 4-chloro-l-naphthol and 
H2O2 for 15 min, kept in distilled H2O for several hours, and then stored 
dry in the dark. Additionally, the antibody was tested using indirect 
immunofluorescence on chicken myofibrils by the procedure of Richardson et 
al. (1981). 
Screening of recombinant phage with antibodies 
Screening was done using a modification of the methods of Huynh et 
al. (1984). E. coll Y1090 cells were grown to saturation in LB media 
containing 50 pg/ml ampicillin and 0.2% (v/w) maltose at 37 "C with 
aeration. For each 100 nun Petri dish, 0.2 ml of this culture was 
transfected with 3.3 x 10^  phage from the in vitro .packaging mix. The 
phage were adsorbed to the bacteria for 30 min at room temperature, and 
then the transfected cells were added to 3 ml of 50 "C top agar [LB 
containing 0.7% (w/v) Bacto-agar]. The top agar containing the 
transfected cells was then poured onto a 2 to 5 day old 100 mm Petri dish 
containing LB/1.5% (w/v) Bacto-agar. The plates were incubated in an 
inverted position at 42 °C for 3.5 h. The plates were then overlaid with 
nitrocellulose filters previously wetted in 10 nM IPTG. The plates were 
then incubated 8 h at 38 ®C. The filters were marked to verify their 
position, removed from the plates, rinsed in TBST [10 mM Tris-HCl, 150 mM 
NaCl, 0.05% (v/v) Tween 20, pH 8.0], and incubated for 30 min in TBST 
containing 20% (v/v) horse serum. They were then incubated for 60 min 
with the pre-adsorbed anti-titin IgG diluted 1:40 in TBST, washed three 
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times for 5-10 min each in TEST, and then incubated for 30 min in goat 
anti-rabbit alkaline phosphatase (Promega Biotec) diluted 1:7500 in TEST. 
After washing three times for 5-10 minutes each in TEST, each filter was 
incubated in a solution consisting of 5 ml of AF buffer (100 mM Tris-HCl, 
100 mM NaCl, 5 mM HgCl2, pH 9.5), 33 #il 50 mg/ml nitro blue tetrazolium in 
70% (v/v) N,N-dimethylformamide, and 16.5 fil 50 mg/ml 
5-bromo-4-chloro-3-indolyl phosphate in dimethylformamide until color 
developed. Finally, the filters were then rinsed in distilled water, 
dried, and stored in the dark. 
Characterization of the Positive Clone 
Purification of the recombinant Xptll DNA 
The positive clone identified by antibody screening of the nuclease-
digested cardiac cDNA library was purified as follows. The plaque 
corresponding to the horseradish peroxidase-reactive area on the 
nitrocellulose membrane was excised from the agar and placed in 1 ml of 
SM. Fresh E, colL Y1090 cells were transfected using an aliquot of this 
phage stock and the antibody reaction was repeated. This procedure was 
repeated twice more to completely purify the clone and verify that all 
plaques reacted with the antibody. 
For isolation of the recombinant phage DNA, approximately 10^  pfu of 
the purified clone were used to transfect the same host, and the infected 
cells were plated on a medium of LB containing 1.5% (w/v) agarose and 10 
mM MgSO^ . It was necessary to use highly-purified agarose for these 
plates, or the resultant DNA obtained from the phage could not 
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subsequently be enzymatlcally manipulated. Additionally, inclusion of 10 
mM MgSO^  in the medium was mandatory, since in its absence no plaques were 
formed. Presumably, this was due to the presence of chelating agents 
present in the agarose. Five 100 mm plates of infected E. coli were 
incubated overnight at 42 ®C, and 5 ml of SM was then added to each plate. 
After incubation at 4 »C for 8 h, the overlying buffer was recovered and 
centrifuged at 11,000 x g for 10 min at 4 ®C to remove bacterial debris 
and agarose. Phage were precipitated using the previously described 
methods of Yamamoto et al. (1970). After CHCI3 extraction to remove the 
PEG-8000, the phage preparation was stored at 4 ®C until further use. The 
phage DNA was then isolated as described above for isolation of native 
Xgtll DNA. An aliquot containing 3-4 /ig of the recombinant Xgtll DNA was 
digested with EcoRI to verify the presence of an insert. After 
phenol:CHCl3 extraction of the reaction products, the sample was analyzed 
on a 1.4% (w/v) agarose gel. 
Immunoblot analysis of plaque Ivsates 
Approximately 10^  pfu of either the recombinant clone or native Xgtll 
were used to infect E. coli Y1090 cells as previously described, except 
that the medium used contained 2 mM IPTG to induce transcription of the 
fusion protein gene. Plates were incubated at 42 "C for 16 h, allowing 
all bacteria to lyse, 5 ml of SM was added to each plate, and the plates 
were then Incubated at 4 "C for 8 h. The SM was recovered and centrifuged 
at 11,000 X g to remove debris. Samples of the lysates were subjected to 
SDS-gel electrophoresis on a 10% (w/v) polyacrylamide gel, followed by 
electro-phoretic transfer of the proteins to nitrocellulose. The 
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resulting blots were Incubated with either monoclonal anti-g-galactosldase 
(Fronega Biotec) or polyclonal anti-titin, followed by incubation with 
goat anti-mouse or goat anti-rabbit HRF, respectively, as described above 
for characterization of the titin antiserum. 
Subcloning of inserts 
A Kpnl/Sstl fragment of the recombinant Xgtll clone, which included 
the EcciRl insert along with a total of approximately 2 kb of the lacZ 
sequence flanking the EcàRl site, was subcloned into the plasmid pUCllS (a 
gift from Dr. A. Myers, Department of Biochemistry and Biophysics, Iowa 
State University). DNA from the recombinant Xgtll clone was digested with 
JTpnl and Sstl (5,000 U/ml, Bethesda Research Labs), and this fragment was 
inserted into pUCllS. The recombinant phagemid molecules were then used 
to transform competent E. coli HB-lOl cells (Bethesda Research Labs), 
using the protocol supplied by the company. Recombinant pUCllS was then 
isolated using standard plasmid purification procedures (Maniatis et al., 
1984). DNA from the amplified phagemid was digested with Xpnl and Sstl 
and analyzed by agarose gel electrophoresis to verify that it did contain 
an insert of approximately 2.3 kb. 
This DNA was then used to subclone the EcoRl insert into the EcoRI 
site of native pUCllS. Native pUCllS was digested with EcoKl, and the 
linearized DNA was then dephosphorylated with calf intestinal phosphatase 
using previously described methods. DNA from pUCllS containing the 
Kpnl/Sstl fragment was also digested with EcoRI and then incubated with 
dephosphor-ylated native pUCllS using standard protocols described above. 
The newly constructed recombinant pUCllS was then used to transform E. 
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coll TG-1 cells. E. coll TG-1 cells were grown in M9 medium containing 
1 mg/ml thiamine until they were in log phase. These cells were then 
centrifuged at 4,000 x g for S min at 4 °C. The cell pellet was 
resuspended in 0.5X the original volume of 10 mM Trls-HCl, 50 mM CaCl2, pH 
8.0, and centrifuged as before. The cells were then resuspended in 1/15 
the original volume of the same buffer and stored at 4 °C for 24 h prior 
to transformation. Then, 10 ng of recombinant pUCllS was added to 0.2 ml 
of the cell suspension, and the tube incubated on ice for 30 min. The 
cells were then heat-shocked at 42 "C for 2 min, 1 ml of LB added to the 
cells, and the cells were incubated at 37 "C for 1 h. The cells were 
plated on 100 mm plates containing H9, Img/ml thiamine, and 50 Mg/ml 
ampiclllin (added to select for cells containing the recombinant 
phagemid). 
After incubating overnight at 37 "C, five clones were selected for 
further analysis to verify the presence of the EcoRI insert. These five 
clones were used for "mini-preps" for quick analysis of the DNA, according 
to the procedures of Blmboim and Doly (1979). DNA from each of the five 
preparations was analyzed by electrophoresis on a 1.2% (w/v) agarose gel 
after separate digestion with Kpnl and EcoRI, to verify that the five 
recombinant phagemids contained an approximately 200 base pair insert at 
the EcoRI site. 
DNA Sequencing 
The five pUCllS clones containing the EcoRI Insert were used to 
sequence the insert. Single-stranded DNA was produced from each of these 
clones using the procedures generously supplied by Dr. Alan Myers. The E. 
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coli clones were used to Inoculate five flasks of medium containing 40 
fig/ml ampicillin and the cultures were incubated at 37 °C until they 
reached early log phase. An empirically-determined amount of phage M13K07 
was added to each of the cultures, which were then incubated for an 
additional 30 min at 37 "G, at which time an aliquot of the cultures was 
added to medium containing 40 pg/ml ampicillin and 70 pig/ml kanamycin, to 
select for cells infected by H13K07. Cultures were grown overnight, and 
then the cells were removed by two sequential centrifugations at 11,000 x 
g for 5 min. The supematants were recovered and 2.5 ml of PEG-8000 
containing 2.5 M NaCl were added to each preparation to precipitate the 
phage particles. Phage were recovered by centrifugation for 10 min at 
11,000 X g and resuspended in 0.6 ml of 10 mM Tris-HCl, ImM EDTA, pH 7.5. 
The suspensions were then extracted twice with phenol to remove the 
protein coats, followed by washing twice with ether, and washing once with 
80% (v/v) ethanol. The single-stranded DNA preparations were stored in 
water at -20 ®C. 
Three of these five DNA preparations were sequenced at the Iowa State 
University Nucleic Acid Facility by the Sanger dideoxy-chain termination 
method (Sanger et al., 1977) using an Applied Biosystems 370A DNA 
Sequencing System. This instrument uses fluorescently labeled primers 
complimentary to the pUC/M13 universal priming site and laser-excited 
fluorescence detection of the sequences in the gel essentially as 
described by Smith et al. (1987). 
The pUC118 containing the Kpnl/Sstl insert was also sequenced to 
determine the correct orientation and the correct reading frame relative 
to the lacZ gene in the original Xgtll clone. Single-stranded DNA was 
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prepared from this phagemid as described above. A 15 base synthetic 
oligonucleotide complimentary to the sequence of the lacZ gene immediately 
adjacent to the EcoRI site was obtained from the I. S. U. Nucleic Acid 
Center and used as a primer for manual dideoxy sequencing. The sequencing 
was done using a commercially obtained kit (Bethesda Research Labs). 
Northern blotting 
RNA from brain and cardiac muscle of 18-day chick embryos was 
prepared by the method of Chirgwin et al. (1979). Equal amounts (10 pg) 
of RNA from both preparations were denatured with glyoxal and 
electrophoresed through a 1.0% (w/v) agarose gel as described previously. 
After separation, the EtNA molecules were electrophoretically transferred 
to a Zeta-Frobe nylon membrane (Blo-Rad), which was incubated at 80 "C for 
2 h after the transfer to stabilize the RNA. 
A radiolabeled probe for hybridization to the membrane was prepared 
using a commercial random-priming labeling kit (Bethesda Research Labs). 
Recombinant pUCllS containing the 2.3 kb Kpni/Ssci was digested with both 
Kpnl and Sstl to liberate the insert. This DNA was then used as template 
for the random-primed synthesis of the second strand, using the protocol 
supplied by the manufacturer and -dATP (New England Nuclear) as the 
radiolabel. After synthesis of the second strand, the DNA was digested 
with EcoRI to cleave out the 200 base pair titin Insert. The digested DNA 
was then passed over a 10 ml column of Sepharose CL-4B equilibrated with 
300 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0. 300 pi fractions were 
collected and analyzed by electrophoresis through a 1.4% (w/v) agarose 
gel. After electrophoresis, the gel was prepared for autoradiography as 
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previously described. Fractions containing DNA molecules of approximately 
200 base pairs, as determined from the autoradlogram, were pooled and 
utilized for hybridization. 
Hybridization of the probe to the RNÂ was carried out following the 
suggested protocol supplied with the Zeta-Probe. The membrane was pre-
hybrldized using a solution of 50% (v/v) formamide, 0.25 M NaH2P0^ , 0.25 M 
NaCl, IX (w/v) SDS, ImM EDTA, pH 7.2 for 5 min at 43 °C in a heat-sealed 
plastic pouch. After prehybridization, the solution was replaced with the 
same solution containing the radiolabeled probe, which had been heated to 
100 °C for 5 min and rapidly chilled on ice to denature it immediately 
prior to use. The hybridization bag was Incubated at 43 °C with gentle 
rocking for 24 h. The membrane was then washed with 2X SSC buffer 
containing 0.1% (w/v) SDS for 15 min at room temperature, washed with 0,5X 
SSC containing 0.1% (w/v) SDS, dried, and exposed to Kodak X-Cmat AR film 
at -70 "C. 
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RESULTS AND DISCUSSION 
RNA Isolation 
The objective of this work was to isolate a cDNA probe for titin. 
The initial step in the construction of a cDNA probe is the isolation of 
template RNA. Several different RNA isolation procedures were attempted. 
The first method was the isolation of titin polysomes, by a procedure 
similar to that of Shapiro and Young (1981), who used immunoadsorbent 
chromatography to isolate polysomes coding for Trypanosoma brucei variable 
surface antigen. Polysomes from thigh tissue of 16-day chicken embryos 
were prepared using modified procedures of either Bjercke et al. (1984) or 
Beaman et al. (1984). The polysomes were incubated with titin antiserum 
and passed through a protein A-Sepharose column. Protein A is a 
Staphylococcal cell wall protein that binds to the Fc regions of many 
mammalian IgGs, including rabbit (Goudswaard et al., 1978). In theory the 
antibodies bind to nascent titin molecules and the antibody-polysome 
complexes then bind to the protein A as they are passed through the 
column. This procedure was tried with several modifications, but no bound 
polysomes were recovered. It is possible that, owing to the large size of 
titin, the polysomes are very fragile and routine manipulations destroy 
them. Alternatively, it is feasible the the particular age of tissue 
utilized (16 days) was not optimal; i.e., the majority of titin 
translation occurs either prior to or subsequent to this point. Thirdly, 
the antibody may not recognize nascent titin molecules. 
Since polysomes could not be isolated, experiments were done to 
determine suitable methods for isolating muscle RNA. Due to the possible 
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large size of titin mRNA, special care needed to be taken. All cells 
contain RNAses which often quickly degrade intracellular RNA when cell 
membranes are disrupted. Therefore, when working with RNA of any type 
great care must be taken to avoid even trace contamination of active 
RNAse. Cellular RNAses are very resistant to destruction, and can even 
renature under appropriate conditions. 
Even though RNAse is difficult to remove, prolonged heating will 
inactivate it, so all glassware used for RNA procedures was thoroughly 
baked. Most non-buffered solutions used for RNA manipulations were 
treated with DEP, which inactivates pancreatic RNAse by carbethoxylation 
of a histidine residue at the active site (Melchior and Fahmey, 1970). 
However, DEP also reacts with single-stranded nucleic acids, so it must be 
destroyed by autoclaving prior to use. Additionally, DEP reacts with 
primary and secondary amines; therefore, buffers containing Tris-HGl could 
not be treated. When Tris-HCl buffers were used, all other components 
were treated with 0.2% (v/v) DEP for 8 h, autoclaved, and nuclease-free 
Tris-HCl (Bethesda Research Labs) was then added. 
Many compounds have been shown to inhibit RNAse activity, including 
heparin (Roth, 1953), anionic polymers (Fellig and Wiley, 1959), 
iodoacetate (Zittle, 1946), vanadyl ribonucleoside complexes (VRCs) 
(Lienhard et al., 1971), bentonite (Singer and Fraenkel-Conrat, 1961), 
ribonucleotides (Egberts et al., 1977), and human placental ribonuclease 
inhibitor (RNAsin) (Brody, 1957; Blackburn et al., 1977). The two 
compounds most commonly used today are RNAsin and VRCs; VRCs were used in 
my initial RNA preparations. Both of these Inhibitors were subsequently 
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tested in cDNA synthesis reactions; RNAsln was found to be superior, and 
so was used exclusively In the cDNA synthesis reactions. 
Initially, RNA preparations were carried out using embryonic chick 
myogenic cell cultures. Individual myoblasts were isolated from 12-day 
embryos by the procedure of Young et al, (1975) and grown for 4 days to 
allow formation of myotubes. Cytoplasmic RNA was then Isolated from the 
cultures using the procedure of Favolaro et al. (1980). The yield of RNA 
from the myogenic cultures, as measured by absorbance at 260 nm, was 100 
pg/150 mm dish. The amount recovered was considered too low for 
practicality, so 16-day embryonic chick thigh muscle tissue was used as 
source material for subsequent preparations. The Isolated RNA from the 
whole tissue was translated in vitro to determine its viability, but there 
were consistently no translation products of any size detected by 
autoradiography. When commercially-obtained globin mBNA (Bethesda 
Research Labs) was used as a substrate, full-size translation products 
were obtained, indicating that the problem was with the RNA and not the 
translation system. It is possible that the requisite translation 
sequences of the mRNA had been degraded by RNAse, thereby blocking 
initiation. Alternatively, it is conceivable that the VRCs used to 
inhibit RNAse in the isolation procedure were modifying the RNA in such a 
way as to render it untranslatable. If either or both of these events had 
occurred, they might be remedied by utilizing an alternate method of RNA 
isolation. I then switched to the RNA isolation procedure of Chlrgwln et 
al. (1979), which uses guanidlnlum Isothiocyanate to denature cellular 
proteins. Both the cation and anion are potent chaotropic agents (Jencks, 
1969), and the inclusion of 0.1 M /3-ME in the buffer disrupts the 
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disulfide bonds of RNAse, which are required for its activity (Sela et 
al., 1957). Hence, when the tissue is homogenized nucleases are 
Inactivated immediately. Subsequent centrlfugation of the homogenate 
through CsCl results In highly pure RNA, with little DNA. or protein 
contamination. This procedure yielded RNA that was both qualitatively and 
quantitatively satisfactory. The average yield per 16 day embryo was 35 
pg total RNA from heart and 150 ^ g total RNA from thigh tissue. RNA 
isolated by this procedure was not translated In vitro; Instead it was 
used in cDNA construction. 
Poly-A"*" skeletal muscle RNA was isolated by the ollgo-dT cellulose 
chromatography procedure of Aviv and Leder (1972). Typically about 7% of 
the total RNA applied to the column bound to the cellulose matrix, as 
determined by absorbance at 260 nm. Figure 1 shows an agarose gel of a 
sample of a skeletal muscle poly-A^  RNA preparation after glyoxal 
denaturation and electrophoretlc separation. It is evident that, even 
after passage through the ollgo-dT cellulose column, a substantial amount 
of 28S and IBS rRNA components remain. The 5S and 5.8S components may 
also be present, but due to their small size they were not detected on 
this particular gel. The presence of the rRNA bands indicates one of two 
possibilities: either poly- A tracts in these molecules allow binding to 
the matrix, or there is a considerable amount of non-specific binding. 
Regardless of the reason, it is evident that ollgo-dT chromatography 
results in enriched, but not pure poly-At material. Additionally, the 
sharpness of the 28S and IBS rRNA bands demonstrates that the isolation 
procedures employed yielded reasonably intact RNA with only minimal 
Figure 1. Agarose gel electrophoresis of poly-A"*" embryonic chick skeletal 
muscle RNA 
2 fjg of poly -A"*" RNA, purified by oligo-dT cellulose 
chromatography of RNA isolated from 16-day embryonic chick 
skeletal muscle according to the procedure of Chirgwin et al. 
(1979), was denatured with glyoxal/dimethylsulfoxide and 
separated on a 1% agarose gel. The gel was stained with acridine 
orange, and photographed under ultraviolet illumination. Numbers 
to the left indicate sizes in kb, determined from Hindlll-
digested X size standards. 
9.5 
7.5 
4.4 
2.4 
1.4 
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degradation. RNA Isolated from heart was not chromatographed through 
ollgo-dT cellulose due to the much smaller yields per embryo. 
This gel (Figure 1) contains a smear of molecules corresponding to a 
very wide range of sizes. Strong bands at 2.0 kb and 4.5 kb represent the 
remaining rRNA, and fainter bands at 1.2 kb, 1.8 kb, 4.2 kb, 5 kb, and 9 
kb positions represent non-ribosomal RNA species. Because of their 
faintness, not all of these bands are visible in the figure. In addition, 
there is a visible band that corresponds to an extremely large RNA. 
Because very large RNA molecular weight markers were not available, the 
exact size of this band cannot be determined, but it is considerably 
larger than 25 kb. Thus, this procedure allows isolation of very large 
RNAs, and is a suitable starting point for construction of a cDNA library. 
After staining the RNA in the gel with acridine orange, it could be 
observed that the uppermost band in the gel (corresponding to the largest 
RNA molecules) fluoresced green when excited by ultraviolet light, whereas 
all other molecules fluoresced red. Acridine orange Intercalates into 
double-stranded nucleic acids and binds electrostatically to 
single-stranded nucleic acids, producing green and red fluorescence, 
respectively (HcMaster and Carmichael, 1977). However, under certain 
circumstances, e.g., high polynucleotide to dye ratios, all molecules will 
fluoresce green (Carmichael and HcMaster, 1980). Because of this 
observation several of the same poly-A^  RNA were treated with DNAse to 
determine if there was any DNA contamination in the preparation. No 
differences were observed between the DNAse-treated sample and the control 
sample, indicating that the large band was not composed of DNA (results 
not shown). 
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Given the assumption that the minimum molecular weight for titin is 
1.4 X 10®, it can be calculated that the coding region of titin mRNA would 
be approximately 38 kb in length, while the more recent molecular weight 
estimate of 2.8 x 10® (Kurzban and Wang, 1988) would suggest an mRNA twice 
that size, or approximately 75-80 kb for the coding region alone. While 
it is difficult to estimate their molecular weights on this gel, the 
largest RNÂ molecules in this preparation (Figure 1) appear to be close to 
this size range, providing some evidence that titin may be the product of 
a single large gene. At the least, it has been demonstrated that 
embryonic chicken skeletal muscle contains very large RNA molecules and 
that it is possible to isolate them intact. 
cDNA Construction 
After achieving satisfactory conditions for RNA isolation, the next 
step was construction of cDNA. The efficiencies of two reverse 
transcriptases (Maloney murine leukemia virus and avian myeloblastosis 
virus) were compared using poly-A"*" RNA as template; more incorporation of 
labeled deoxynucleo-tides occurred with AMV enzyme (results not shown), so 
this enzyme was used in all subsequent experiments. 
Reverse transcriptase synthesizes cDNA in a 5'-3' direction; when it 
reaches the 5* end of the RNA template, it synthesizes a hairpin loop 
structure which can fold back on itself and self-hybridize. The enzyme 
can utilize either RNA or DNA as a template, but the addition of 
actinomycin D to the reaction mixture selectively inhibits the 
DNA-dependent polymerase activity (McDonnell et al., 1970; Manly et al.. 
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1971; Ruprecht et al., 1973). The standard primer is thymidylate 
oligomers 12-18 nucleotides in length, which hybridize to the 3' poly-Â 
tail of the mRNA. In initial experiments these were utilized; however, 
later experiments utilized random tetra- and hexadeoxynucleotides to prime 
the reaction. The use of such primers serves to maximize the possibility 
of obtaining a cDNA for the coding region of tltin's message. Coding 
regions of mRNAs are flanked by 3' and 5' non-translated regions, and very 
large nRNAs may contain correspondingly large untranslated sections. The 
Xgtll vector system requires cDNA inserts of less than 7 kb in length, and 
it is possible that tltin's 3' untranslated region alone is larger than 7 
kb. If cDNA synthesis is initiated from the 3' end of the message, then 
it is possible that any usable cDNA (< 7 kb) would not contain tltin's 
coding region. Use of random oligonucleotides for priming ensures 
transcription will be initiated along the entire length of the message and 
that the coding region will be represented in the cDNA library. 
Additionally, the antibody used for screening may not recognize the 
carboxy-terminal end of the cloned gene sequence. Random priming allows 
for preparation of cDNAs coding for other parts of the protein. 
When using random priming, it is not mandatory to use poly-A"*" RNA as 
a template; satisfactory Incorporation of nucleotides occurred when total 
RNA was utilized. Since it is possible that tltin's mRNA is very long and 
therefore fragile, it was determined that chromatography through oligo-dT 
cellulose was undesirable. If the titln message breaks during 
manipulations, only the 3' end of the message will be retained on the 
cellulose matrix, while the remaining portion will be eluted through the 
column and consequently lost. Additionally, it is possible that tltin's 
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message Is not polyadenylated. For these reasons, other libraries were 
constructed utilizing total RNA instead of poly-Â*^  RNA as a template. 
There are three basic methods of priming the second strand reaction. 
The hairpin loop synthesized by the reverse transcriptase In the first 
strand reaction can be used to prime the second strand reaction. E. coli 
DMA Pol I or AMV-RT or a combination of both polymerases may be used for 
synthesis. Alternatively, the RNAse H method of Gubler and Hoffman (1983) 
may be used. This method utilizes multiple RNA primers created by limited 
digestion of the RNA template to prime the second-strand reaction, 
followed by synthesis using Pol I. RNAse H is specific for the RNA strand 
of an RNA/DNA heteroduplex molecule and will completely degrade the RNA if 
the reaction is allowed to go to completion. But by using reduced enzyme 
concentration and reduced incubation temperatures, the enzyme will only 
partially digest the RNA. The resultant areas of undigested RNA then 
serve to prime the synthesis reaction. Thirdly, as this work 
demonstrates, random deoxynucleotldes can be used to prime the reaction 
after complete removal of the original RNA template through base-catalyzed 
hydrolysis or enzymatic digestion. Synthesis ensued using the Klenow 
fragment of E. coli DNA polymerase. This is a proteolytic fragment of the 
native £. coli enzyme, produced by treatment with subtillsln or trypsin 
(Brutlag et al., 1969; Klenow and Overgaard-Hansen, 1970; Klenow and 
Hennlngsen, 1970). The Klenow fragment lacks the 5'-3' exonuclease 
activity of the native enzyme, but retains the 3'-5* exonuclease and 5'-3' 
polymerase activities. 
An aliquot of each cDNA preparation was analyzed by agarose gel 
electrophoresis after second strand synthesis to verify that cDNA 
60 
construction was successful, A. representative autoradiogram of such a gel 
is shown in Figure 2; the two samples shown are cDNAs derived from total 
heart RNA and from total skeletal muscle RNÂ. While there were minor 
differences between each cDNA preparation, the size range of molecules was 
generally consistent, with the majority being between 100 base pairs and 
2500 base pairs in length. In addition, many samples exhibited a slowly 
migrating band corresponding to very large cDNA. This large band was 
generally more prevalent in heart cDNA samples than in skeletal but was 
observed in both. In the autoradiogram in Figure 2 this band can only 
barely be discerned in the left lane because of underexposure. This cDNA 
band may correspond to the large RNA band seen in Figure 1. As with the 
RNA, the exact size of the cDNA was not determined. In any case, this 
method allows for the construction of large cDNA molecules. 
Construction of cDNA Libraries 
For subsequent screening to identify a cDNA probe for titin using 
antibodies to the protein, the cDNA preparations were inserted into the 
expression vector Xgtll. This procedure involved methylation, addition of 
EcoRI linkers, digestion with EcoRI endonuclease, insertion into the 
vector, and determination of the number of recombinants produced. Initial 
experiments were done with cDNA preparations made from embryonic skeletal 
muscle mRNA. 
The cDNA was first methylated with EcoRI methylase, to prevent 
digestion of any internal EcoRI sites in the cDNA during subsequent EcoRI 
digestion necessary to prepare the DNA for insertion. The DNA was then 
Figure 2. Âutoradiogram of an agarose gel of typical cDNA preparations 
derived from embryonic chick heart and skeletal muscle RNA. 
cDNA constructed from embryonic chick total heart RNA (left lane) 
or total skeletal muscle RNA (right lane) was analyzed by 
electrophoresis on a IX agarose gel and detected by 
autoradiography. Both cDNA preparations were made using the 
random priming technique described in the Materials and Methods. 
[^ P^]-ATP was included in the reaction mixture to label the 
products, and unincorporated nucleotides removed. The gel was 
dried and exposed to Kodak X-Omat AR film for 3 days at -80 °G. 
Numbers indicate size in kb determined from fîindIII-digested X 
size markers. 
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treated with T4 DNA polymerase to remove 3' and 5' overhangs, because 
blunt-ended DNA is required for ligation to the linkers. Depending on 
where priming of the second strand occurred, the cDNA will have varying 
lengths of single stranded DNA on the 5' end. Also, complete synthesis of 
the second strand to the 3' end of the first strand does not always occur, 
due to the presence of strong-stop sequences which can cause the Klenow 
polymerase to pause or stop (Maniatis et al., 1982). As with the Klenow 
fragment, T4 DNA polymerase has a 3'-5' exonuclease activity, but the T4 
enzyme is preferred for repair reactions because its exonuclease activity 
is considerably more active (Maniatis et al., 1982); thus, the T4 enzyme 
was the enzyme of choice for this step. 
Since the passenger DNA is inserted into an EcoRI site in the Xgtll 
vector, the inserts must have the cohesive ends that result from EcoRl 
digestion to allow for hydrogen bonding and proper ligation. This is 
accomplished by addition of synthetic EcoRl linkers to the ends of the 
cDNA molecules; each linker contains an internal EcoRI site. Linkers 
containing a 5' phosphate group were ligated to the libraries with T4 DNA 
ligase, since E. coll ligase does not catalyze blunt-end ligation. 
Linkers were added in vast molar excess to the cDNA so that the cDNA 
molecules were not self-ligated and all of the cDNA molecules were ligated 
to at least one linker on each end. After addition of linkers, the 
ligation products were digested with EcoRI to produce the requisite 
cohesive ends and to cleave the long concatamers of linkers resulting from 
self-ligation. If these concatamers were not removed from the sample, 
they would be inserted into the vector and behave as false positives. 
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After cleavage of linkers, the reaction mixture was chromatographed 
on a Sepharose GL-4B column to separate the digested linkers from the 
cDNA. Additionally, this gel filtration chromatography allows the size-
fractionation of the cDNA. An autoradiogram of a gel of the fractions 
obtained from chromatography of a radiolabeled cDNA preparation made from 
embryonic skeletal muscle mRNA is shown in Figure 3. For this gel, the 
first, third, fifth,, seventh, and ninth fractions (out of ten total) were 
electrophoresed. The densities of the bands obtained for each fraction 
can be compared to estimate the number of molecules in each size range. 
The majority of the cDNA was recovered in fraction five, which corresponds 
to a size range of about 250 to 1000 base pairs. Fractions containing 
molecules greater than about 200 base pairs were combined and used for 
subsequent insertion into Xgtll. Fractions containing molecules smaller 
than 200 base pairs were assumed to be contaminated with linkers and were 
therefore discarded. 
It should be noted that the procedures used for preparation of cDNA 
for Insertion allowed for randomization of the possible reading frames for 
translation. Since there are three translatlonal reading frames and two 
orientations for insertion of passenger DNA, there are six possible 
reading frame combinations, only one of which corresponds to the proper 
reading frame for titin. Use of random priming for synthesis of cDNA (see 
section B) should allow for the inclusion of all six possible reading 
frames. In addition, methylation of the DNA prior to addition of linkers 
also serves to randomize the reading frame of the inserts. Without 
methylation, any internal EcoRl sites in the DNA would be cleaved by the 
endonuclease, and the same sites would be cleaved in all homologous 
Figure 3. Size fractionation of cDNA after addition of linkers 
Subsequent to ligation of EcoRI linkers to labeled, blunt-ended 
cDNAs derived from poly-A."*" skeletal muscle RNA, excess linkers 
were removed by EcoRl digestion. The products were passed over 
a Sepharose CL-4B column, and 300 /il fractions were collected. 
Alternating fractions were then electrophoresed through a 1% 
agarose gel. The gel was dried and exposed to Kodak X-Omat AR 
film for 24 h at -80 ®C. From left to right, the lanes 
correspond to column fractions 1, 3, 5, 7, and 9. 
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molecules, leading to a potential bias in reading frames. Thus, although 
methylation is not an absolute requirement, it is important for this 
reason. 
Preparation of Xgtll DNA for ligation to the cDNA commenced with 
induction of E. colL BNN97. The lysogen was amplified until its 
absorbance at 600 nm was 0.5. It is important to induce the culture at 
this time, because the yield of phage can drop considerably if the culture 
is allowed to continue growing (Maniatis et al., 1982). The culture was 
included by heat-shock, which Inactivated the repressor and allowed the 
phage top enter the lytic cycle. After several hours of continued 
incubation, the culture was lysed with chloroform to liberate the phage 
particles. Nucleases were then added to the homogenate to prevent the 
phage from becoming entrapped in the nucleic acid. Bacterial debris was 
removed via centrlfugation and polyethylene glycol-8000 (PEG-8000) was 
then added. After addition of PEG-8000, the phage were concentrated by 
centrlfugation. The exact mechanism of the concentration is unknown, but 
a phase partition rather than a normal precipitation probably is involved 
(Yamamoto et al., 1970). After removal of the PEG-8000 through extraction 
with chloroform, the phage were centrlfuged in CsCl for 24 h. The phage 
form a band at the zone of corresponding density, and can usually be 
visualized as a bluish band. The phage were collected by side puncture of 
the centrifuge tube, which often resulted in a significant loss of phage. 
The DNA was isolated by treatment of the particles with proteinase K in 
Mg-free buffer, as X particles are sensitive to Mg^ "*" concentrations, and 
are very unstable in chelated buffers (Maniatis et al., 1982). After 
isolation, the DNA was digested with £coRI and dephosphorylated as 
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described in Materials and Methods. Calf intestinal phosphatase is the 
preferred enzyme, rather than bacterial alkaline phosphatase, because the 
former is much easier to remove via phenol/ chloroform extraction 
(Maniatis et al., 1982). It is important to remove all traces of 
phosphatase to prevent dephosphorylation of the passenger DNÂ. Successful 
ligation of double stranded DNA depends on the presence of at least one 5 ' 
phosphate and a corresponding 3' OH group; removal of the 5' phosphate 
from both the vector and the passenger DNÂ prevents ligation. 
Use of dephosphorylated vector DNA has the advantage that it cannot 
self-ligate; therefore. Its use greatly increases the percentage of 
recombinant molecules constructed. There will still be some 
non-recombinant molecules produced due to small amounts of 
non-dephosphorylated vector, however the number of such molecules is 
usually insignificant. A second advantage of using dephosphorylated 
vector DNA is that there is considerably less reliance on the molar ratios 
of vector and passenger DNA present in the reaction mixture. When using 
non-dephosphorylated vector, the success of the ligation is highly 
dependent on the ratio of passenger DNA to vector DNA. Since the amount 
of cDNA produced in a typical reaction was often less than 1 fig, accurate 
quantitation of the cDNA is difficult; therefore, it is also difficult to 
obtain correct molar ratios. With dephosphorylated vector, it is only 
necessary to have a molar excess of vector DNA to insure that passenger 
DNA does not self-ligate. Vector DNA used for ligation was of two types: 
DNA isolated as described above and commercially-supplied DNA obtained 
from Fromega Biotec. There were no practical or functional differences 
between the two types of DNA. 
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The Xgtll DNA containing inserts was next packaged into infectious X 
particles using a single-extract in vitro packaging extract. Before 
screening of the resulting libraries with antibody probes, as described in 
the following section, a small aliquot of each packaged library was used 
to transfect E. colL Y1088 to determine the percentage of recombinants 
obtained. IFTG was Included in the media to Induce expression of the 
g-galactosldase gene, and X-gal was Included to differentiate between 
recombinant and native phage. Plaques produced from native phage appear 
blue, while plaques from recombinant phage are colorless. Occasionally, 
recombinant phage will produce plaques containing a slight amount of blue 
color due to Incomplete Insertional Inactivatlon of the )3-galactosldase 
gene (Huynh et al., 1985). Results obtained from plating of the cDNA 
library derived from embryonic skeletal muscle poly-A"*" RNA are shown in 
Figure 4; the blue plaques can be clearly distinguished from colorless 
plaques. Approximately 93% recombinants were obtained in this cDNA 
library. 
Subsequent screening of the embryonic skeletal muscle poly-A"*" cDNA 
library with antibodies to tltln, as described in the next section, did 
not yield any positive clones. Thus, three additional cDNA libraries were 
constructed from different RNA preparations. The first of these three 
alternate libraries was constructed using total embryonic skeletal muscle 
RNA; i.e., the poly-A selection step was omitted from the RNA isolation 
procedure. Although this preparation will contain a majority of sequences 
coding for rlbosomal RNA, thus necessitating more screening, this library 
should have a much higher chance of containing a sequence coding for an 
antigenic site in the tltln molecule. Two libraries were also constructed 
Figure 4. Determination of percentage of recombinant plaque-forming units 
Passenger DNA derived from poly-A"^  skeletal muscle RNA was 
inserted into Xgtll, and packaged in vitro into infectious X 
particles. An aliquot of the packaged phage was used to 
transfect E. colL Y1088. The infected cells were then added to 
top agar containing 40 pg/ml X-gal, and plated on 100 mm dishes. 
The phage were induced by incubation at 42 "C. Blue-green 
plaques represent non-recombinant clones and clear plaques 
represent recombinant clones. 
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from embryonic heart muscle BNA, because of the possibility that cardiac 
muscle contains higher amounts of tltln, and thus may have higher levels 
of tltln message. One heart library was constructed from total heart RNA. 
An autoradlogram of the cDNA preparation used for construction of this 
library Is shown In Figure 2. For both this total heart library and the 
total skeletal muscle library, the cDNA was methylated and Inserted into 
the vector by the same procedures used for the library derived from 
skeletal muscle mRNA, as described above. 
The final library was prepared by a different procedure to insure 
that large cDNAs were represented in the library. The size of passenger 
DNA in Xgtll is limited to approximately 7 kb, and any large cDNA inserts 
are not packaged into bacteriophage particles by the in vitro packaging 
mixture. Since very large cDNA molecules were present in the cDNA 
preparations, one preparation was digested with endonucleases prior to 
insertion to produce smaller inserts. Because there appeared to be more 
large DNA in the heart cDNA than in the skeletal muscle preparation 
(Figure 2), a heart library was chosen for this digestion. After second 
strand synthesis, the cDNA was digested with both Hindlll and Pstl 
restriction endonucleases. These enzymes recognize and cleave distinct 
nucleotide sequences six base pairs in length. Assuming random nucleotide 
sequences, these enzymes would be expected to cleave the DNA once every 
4096 base pairs. Also, the cDNA was not methylated, and thus would be 
cleaved by EcoRl after addition of linkers. Therefore, this cDNA was 
cleaved every 1365 base pairs on the average, resulting In a much smaller 
size range of Inserts. Linker addition, insertion and packaging of this 
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digested heart library was done by the same procedures used for the other 
three libraries. 
Results of platings done to determine the number of recombinants In 
each of the four libraries are shown In Table 1. The percentage of 
recombinants ranged from 86% (for the nuclease-digested heart library) to 
99% (for the undigested heart library). The total number of 
plaque-forming units (pfu) ranged from 2.6 x 10^  to 1.8 x 10®. The 
library constructed from poly-A"*" skeletal muscle RNA contained the fewest 
number of pfu because less substrate RNA was used for first-strand 
synthesis. Even though the two heart libraries were Initially constructed 
by identical methods, the number of pfu is 5 fold less for the 
endonuclease digested library, probably because the endonuclease digestion 
produced many small fragments of DNA that were subsequently lost during 
precipitation or size fractionation. 
Table 1. Total number of plaque-forming units and percentage of 
recombinants in four cDNA libraries constructed in Xgtll 
' RNA Source Total Number of Clones % Recombinant 
poly-A"*" skeletal 2.6 x 10^  93 
total skeletal 5.5 x 10^  96 
total heart 1.8 x 10® >99 
nuclease-digested heart 3.5 x 10^  86 
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Screening of Recombinants 
An appropriate number of recombinant pfu (3.3 x 10^  per 100 mm plate) 
were used to transfect E. coll Y1090. The host cells were grown in the 
presence of 0.2% (w/v) maltose to induce the presence of high levels of 
maltose receptors on the host membranes. The bacteriophage bind to these 
receptors, so the presence of increased maltose receptors maximizes 
trans feet ion. The transfected cells were grown for 3.5 h in top agar at 
42*C. During this time, the phage undergo replication, lyse the host 
cells, and surrounding cells are similarly transfected. A 3-3.5 h 
incubation allows enough cells to be transfected so plaques of the proper 
size develop. 
After the incubation, nitrocellulose circles were placed in contact 
with the top agar. The circles had been previously immersed in 10 mM 
IFTG. After addition of the circles, the cultures were incubated for an 
additional 3.5 h. The IFTG diffuses to the cells and induces the phage 
lacZ promoter. Synthesis of the fusion proteins ensues. As the bacterial 
cells are lysed by the phage R and S gene products, the nucleic acids and 
proteins in the lysates bind to the nitrocellulose and are immobilized. 
At the end of the second incubation period, the nitrocellulose circles 
were removed from the plates in preparation for antibody treatment. 
It is possible to utilize either monoclonal or polyclonal antibodies 
for screening. Polyclonal antibodies are almost always contaminated with 
varying levels of anti-f. coll and anti-phage components which may 
interfere with the screening procedure by lowering the signal-to-noise 
ratio. Monoclonal antibodies do not contain these contaminating 
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components, but the antibody may recognize bacterial proteins with the 
same epitope. Both monoclonal and polyclonal titin antibodies were 
available for screening these libraries, and both were initially tested 
using non-recombinant phage plaques. It was found that the monoclonal 
antibody did Indeed recognize at least one bacterial protein so it was not 
used for screening of the libraries. Polyclonal antisera can sometimes be 
used without any additional purification; i.e., the anti-E. coli and 
antl-phage components need not be removed prior to screening, but because 
of some early indications that the antisera contained high amounts of 
anti-E. colL components, It was pre-adsorbed with E. coli and Xgtll 
proteins before screening of the libraries. Pre-adsorption of the 
antisera resulted in the loss of one-third of the IgGs, as determined by 
absorbance at 280 nm. Even after pré-adsorption however, non-recombinant 
plaques still reacted with the antibody when -labeled protein A was 
used. The background binding was so high that it became necessary to use 
alkaline phosphatase-tagged goat anti-rabbit second antibody. 
The specificity of the primary antibody used for screening was 
determined by Immunoblots, as shown in Figures 5 and 6. Figure 5 shows a 
blot of 2 samples, glycerlnated chicken myofibrils and chromatograph-
ically-purifled titin, electrophoresed on a 5% aery 1amide gel. A 5% gel 
allows optimum resolution of titin. Results (Figure 5) show that the 
purified titin antibody reacted only with titin and did not cross-react 
with nebulln, myosin or other hlgh-molecular-welght myofibrillar proteins. 
To Insure that the antibody did not cross-react with lower molecular 
weight proteins that are run off the end of a low percent acrylamlde gel, 
a blot was also done on a myofibril sample run on a standard 7.5% gel 
Figure 5. Inmunoblot of a 5% acrylamlde gel for characterization of chicken 
skeletal muscle tltin antiserum 
Chicken skeletal muscle myofibrillar proteins (BA, left lane of 
Ab) and chromatographically-purifled titin (right lane of Ab) 
were electrophoresed through a 5% acrylamlde gel and then 
transferred to nitrocellulose. The blot was cut in half, and one 
half (BA) was stained for total protein using the biotin-avidin 
technique. The other half (Ab) was incubated with 3 /ig/ml titin 
antiserum, followed by horseradish peroxidase-labeled goat 
anti-rabbit second antibody. The antisera only labeled titin. 
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Figure 6. Inununoblot of a 7.5% acirylamide gel for charactization of chicken 
skeletal muscle titin antiserum 
Chicken skeletal muscle myofibrillar proteins were 
electrophoresed thorugh a 7.5% acrylamide gel and then 
transferred to nitrocellulose. The blot was cut in half, and one 
half (BA) was stained for total protein using the biotin-avidin 
technique. The other half (Ab) was incubated with 3 pg/ml titin 
antiserum, followed by horseradish peroxidase-labeled goat 
anti-rabbit second antibody. The antisera only labeled titin. 
m -
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(Figure 6), Results demonstrate that tltln is the only myofibrillar 
protein recognized by this antibody. 
Three of the four libraries constructed were screened with this 
polyclonal tltln antiserum. A. total of 20 putative positive clones were 
identified by the alkaline phosphatase color reaction, none of which were 
derived from poly-A"*" skeletal muscle RNA. One of the positives, derived 
from the nuclease-dlgested heart library, had a considerably higher 
signal-to-nolse ratio than the others. Figure 7 shows the results of the 
initial screening that presented with the strongly positive plaque. This 
positive clone has since been Isolated, retested, and purified. The other 
19 clones that tested marginally-positive have been partially purified and 
will undergo retestlng to verify whether they are indeed true positives. 
Positive clones were isolated from two of the libraries; those derived 
from total skeletal muscle RNA and nuclease-dlgested heart RNA. The 
library derived from poly-A"*" skeletal muscle RNA did not yield any 
positives. The undigested heart library was not screened since a strong 
positive clone had been identified; therefore, this library remains 
available for further experiments. It is interesting to note that the 
majority of the positive clones. Including the one shown in Figure 7 that 
has been isolated, were obtained from the digested heart library. This 
library was specifically constructed to include large cDNAs; thus, this 
result is consistent with the possibility that tltln is translated from a 
single large message. However, because the non-digested total heart 
library was not screened, this hypothesis cannot yet be confirmed. The 
prevalence of positive clones in the digested heart library, in comparison 
to the total skeletal muscle library, may indicate that the tltln message 
Figure 7. Detection of a positive clone from the nuclease-digested heart 
muscle cDNA library 
E. coli Y1090 was transfected with 3.3 x 10^  pfu and incubated at 
42 °C for 3.5 h. The plates were then overlaid with nitro­
cellulose circles that had been previously wetted with 10 mM 
IFTG. The plates were then incubated an additional 8 h at 38 °C. 
The filters were next incubated for 60 min in a 1:40 dilution of 
titin antiserum, and then incubated for 30 bin in a 1:7500 
dilution of goat anti-rabbit alkaline phosphatase-tagged second 
antibody. The filters were then developed as described in 
Materials and Methods and photographed. 
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is more abundant in heart muscle than in skeletal muscle. Confirmation of 
these hypotheses will require further experiments after characterization 
of one or more of the positive clones. 
Characterization of the Positive Cardiac Clone 
The strongly positive clone Identified by antibody screening of the 
nuclease-digested cardiac cDNA library, shown in Figure 7, was purified by 
repeated plating and characterized to determine if this clone contained an 
insert coding for tltln. To characterize this recombinant clone, several 
additional experiments were performed. 
First, the existence of an insert in this Xgtll clone was 
demonstrated. After purification of the clone and isolation of the phage 
DNÂ, several micrograms of the recombinant Xgtll DNA were digested with 
EcoRI to liberate the passenger DNA from the phage DNA. After removal of 
the restriction endonuclease, the digestion products were analyzed on a 
1.4% (w/v) agarose gel, shown in Figure 8. Due to the small size of the 
passenger DNA, a sample of approximately 3-4 /ig of recombinant DNA was 
necessary to visualize the band corresponding to the Insert. The insert 
migrated at a position corresponding to a size of approximately 200 base 
pairs, as estimated from iflndlll-dlgested X DNA size markers. 
In addition, the purified DNA from this clone was digested with Kpnl 
and Sstl. The EcoRI site In native Xgtll is flanked by a site for each of 
these two restriction enzymes, and digestion of native Xgtll DNA with 
these two enzymes results in a fragment of approximately 2 kb, which 
contains the EcoRI Insertion site. Analysis of the Kpnl/Sstl digestion of 
Figure 8. Photograph of an agarose gel of the purified recombinant Xgtll 
DNA after EcoRI digestion 
Three fig of the recombinant DNA from the purified, positive clone 
was digested with 5 U of EcoRI for 2 h at 37 ®C. EcoRI was 
removed by phenol .'chloroform extraction as previously described 
and the products separated on a 1.4% (w/v) agarose gel. The gel 
was run at 35 V for 4 h and stained with 0.5 fig/ml ethidium 
bromide. Arrows indicate positions of #indIII-digested \ DNA 
molecular weight markers. 
4.36 
2.32 
2.03 
0.56 
0.13 
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the DNA from the recombinant clone demonstrated the presence of a 2.2 kb 
fragment (results not shown) confirming the presence of an Insert of 
approximately 200 kb in this clone. This XpnI/SstI fragment was later 
used for sequence analysis. 
To verify that this Xgtll clone was directing synthesis of a fusion 
protein that reacted with the anti-tltln antibodies, lysates of bacteria 
transfected by either the recombinant or native Xgtll were produced and 
analyzed by immunoblots. Western blots of the lysates were incubated with 
antibodies either to j3-galactosidase or to tltln, as shown in Figure 9. 
Both the antl-#-galactosidase and the anti-tltln recognized a single band 
that migrated with a lower mobility than the native |7-galactosidase, 
indicating that this band is the titln-/3-galactosidase fusion protein. 
The size of the fusion protein, estimated from molecular weight markers, 
is 128,000 daltons. Native #-galactosidase has a molecular weight of 
116,250 daltons. The molecular weight difference of 11,750 between the 
fusion protein and native ^ -galactosidase corresponds to the inclusion of 
an additional 102 amino acids, assuming an average residue molecular 
weight of 115. This corresponds to an insert of approximately 300 base 
pairs, which is within the size range of the Insert in this recombinant 
clone, given the possible errors in estimation of molecular weights in 
both gels. 
The next step in the characterization of this recombinant clone was 
the subclonlng and sequencing of the Insert, to verify the presence of an 
open reading frame. For this purpose, the plasmld pUCllB was utilized. 
pUCllB Is a "phagemld" that contains a region of multiple unique 
restriction endonuclease sites for insertion of passenger DNA (Vieira and 
Figure 9. Western blot of recombinant Xgtll lysates Incubated with anti-
tltln and antl-/9-galactosldase 
Empirically determined amounts of lysates from E. coli infected 
with the positive Xgtll clone were electrophoretically separated 
on 8% polyacrylamide gels. The separated proteins were then 
electrophoretically transferred to nitrocellulose and the 
resultant blots incubated with antl-tltin or anti-/3-galactosidase 
followed by HRP-conjugated second antibody and development as 
described in the Materials and Methods. Lane Â, molecular weight 
markers containing /3-galactosidase; lanes B and C, recombinant 
Xgtll lysate Incubated with anti-^ -galactosidase; lane D, 
recombinant Xgtll lysate Incubated with antl-tltin. 0 - origin; 
r - recombinant proteins ; b - j3-galactosldase. 
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Messing, 1987). When bacterial cells are co-Infected with recombinant 
pUC118 and phage M13K07, the recombinant pUC DNA is packaged into mature 
virions. This packaged DNA, which is s ingle-stranded, can then be 
utilized for sequencing reactions. 
Subcloning of the insert was done in two steps. First, the Kpnl/Sstl 
fragment of the original recombinant Xgtll was cloned into pUC118. The 
DNA from this subclone was then used to isolate and subclone the EcoRI 
insert. The Kpnl/Sstl subclone was utilized because it preserved the 
orientation and reading frame of the original Xgtll insert. 
Three subclones of the EcoRI insert were sequenced at the I. S. U. 
Nucleic Acid Center. All three of these clones yielded the Identical 
sequence, and all were in the same orientation; i.e., the same strand was 
packaged into the phage. Sequencing of the Kpnl/Sstl fragment, using a 
synthetic nucleotide primer corresponding to the sequence of the lacZ gene 
adjacent to the EcoRl site, demonstrated the presence of two linkers at 
each end of the Insert. Thus, the original Insert contained two linkers 
at each end. Reading through from the g-galactosidase sequence 
established the reading frame and orientation for the Insert. The 
resulting sequence of the coding strand and the derived amino acid 
sequence are shown in Figure 10. 
Insertion of this sequence into the lacZ gene results In addition of 
228 base pairs into the sequence coding for |3-galactosidase. No 
termination sequences are Included in the insert; thus, the fusion protein 
should be approximately 8,500 daltons larger than the native j3-
galactosidase. Of the 75 amino acids coded for by this sequence, nine are 
the result of the added linkers, and the remaining 66 amino acids are 
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-AA TTC CGC GGA ATT CÇG GGA AAG GAC AGA CTT GAA CCT CCT GAT 
Phe Arg Gly Ile Pro Gly Lys Asp Arg Leu Glu Pro Pro Asp 
CCA GTA GAA GTA AAG GAC AGA CTT GAA CCT CCT GAG CTG ATA 
Pro Val Glu Val Lys Asp Arg Leu Glu Pro Pro Glu Leu Ile 
CTT GAT GCT AAT ATG GCC CGG GAA CAG CAT GTA AGA GCA GGA 
Leu Asp Ala Asn Met Ala Arg Glu Gin His Val Arg Ala Gly 
GAT ACA CTG AGA CTT AGT GCT GTT ATT AAA GGT GTT CCA TTC 
Asp Thr Leu Arg Leu Ser Ala Val Ile Lys Gly Val Pro Phe 
CCA AAA GTT TCT TGG AAG AAA GAA GAT AAG GAA GTC TCA CCC 
Pro Lys Val Ser Trp Lys Lys Glu Asp Lys Glu Val Ser Pro 
AAA CGG AAT TCC GCG G-
Lys Arg Asn Ser Ala 
Figure 10. Nucleotide sequence of the coding strand of the EcoRI insert 
from the positive Xgtll clone, and the corresponding derived 
amino acid sequence 
The sequence of the Insert was determined as described in the 
Results and Discussion. Only the portion of the sequence 
between the EcoRl sites in shown. The orientation and the 
correct reading frame relative to that of the lacZ gene were 
determined separately by sequencing of the Kpnl/Sstl fragment 
derived from the Xgtll clone, also as described in the Results 
and Discussion section. 
coded for by the insert. This sequence is somewhat unusual in that 27 of 
the 66 residues are charged (13 acidic and 14 basic), and there are 8 
proline residues. These unusual characteristics may account for the fact 
that the molecular weight of the fusion protein estimated from SDS-
polyacrylamlde gel electrophoresis is somewhat higher than that found from 
the sequence. 
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The final experiment conducted to characterize this putative tltin 
probe was to determine whether the insert DNÂ hybridized to embryonic 
chick cardiac muscle RNA on a Northern blot. Embryonic chick brain RNA. 
was run as a control; it was assumed that chick brain would not contain 
any titin messenger RNA. Figure 11 shows the results of the 
hybridization. The probe hybridized to a single position in the lane 
containing cardiac muscle RNA, corresponding to a very large RNA. The RNA 
size standards utilized for comparison contained RNA molecules with a 
maximum size of 9.5 kb. The species of RNA recognized by the probe is 
considerably larger than 9.5 kb, but it is not possible to accurately 
quantitate its size. Additionally, the probe did not hybridize to any 
species of brain RNA. 
In total, the characterization studies provide significant evidence 
to suggest that this positive Xgtll clone is a genuine titin cDNA clone. 
Because the initial positive clone was obtained from a chick cardiac 
muscle cDNA library, and because the insert reacts with cardiac muscle RNA 
on a Northern blot, it is likely that this clone is a cardiac titin probe. 
However, additional experiments will be necessary to establish that this 
probe is specific for cardiac muscle, as opposed to skeletal muscle, 
titin. 
Figure 11. Autoradiogram of a Northern blot of embryonic chick cardiac 
muscle and brain RNA probed with the labeled Xgtll insert 
Ten /ig of cardiac muscle RNA (lane A) or brain RNA (lane B), 
isolated from 16-day chick embryos as described in Materials and 
Methods, was electrophoretlcally separated on a 1.0% (w/v) 
agarose gel and electrophoretlcally transferred to Zeta-probe 
membrane. The resulting blot was Incubated for 24 h with the 
insert from the positive clone, labeled with [^ P^j-dATP by 
random priming. The membrane was then exposed to Kodak X-Omat 
film for 7 days. 
9? 
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SUMMARY AND CONCLUSIONS 
The Intent of the research outlined In this dissertation was to 
construct and isolate a cDNA probe for the striated muscle protein titin. 
Titin has been shown to constitute a considerable fraction of total 
myofibrillar protein in striated muscle, and to comprises a set of very 
thin, longitudinally running filaments in the sarcomere. However, much 
remains to be learned about this protein, including the precise structural 
arrangement of titin filaments and the molecular interactions of titin 
with other myofibrillar proteins. The rationale for the generation of a 
titin probe is that it would offer an additional tool for elucidating such 
details as: time of first appearance of message in the cytoplasm, 
correlation of its appearance with the appearance of other muscle-specific 
messages, correlation of its appearance with skeletal myoblast fusion, 
determination of copy number of the gene, and elucidation of developmental 
and/or tissue-specific isoform expression. 
There were four main areas of focus in my work: 1) Isolation of 
transcribable, intact RNA; 2) determination of optimum conditions for cDNA 
synthesis; 3) insertion of passenger DNA into a vector with subsequent 
screening and detection; and 4) characterization of the positive clone 
obtained from screening of a cardiac muscle cDNA library. 
Several different approaches to RNA isolation were attempted and 
compared to determine the best protocol for obtaining transcribable, 
intact RNA. These included polysome isolation, comparison of cultured 
cells and whole tissue as the source for the RNA, and two different 
methods for nuclease inactivation. Additionally, RNA was Isolated from 
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both cardiac and skeletal muscle, and total RNÂ and polyadenylated RNA 
were compared as substrate for cDNA synthesis. 
After suitable RNA isolation procedures were chosen, a similar 
evaluation process was carried out for the cDNA construction. Due to the 
large size of titin, special procedures were used to maximize the 
possibility that the gene's coding region was effectively transcribed. 
Thus, the work presented here demonstrates the feasibility of construction 
of expression vectors using an alternative method of cDNA library 
construction. The usual method of priming the first strand synthesis 
reaction with ollgo-dT was abandoned due to the potentially large 3' 
untranslated region of large mRNA molecules such as titin's. Instead, 
random tetra- and hexadeoxynucleotides were utilized to prime the 
synthesis of both strands, thereby assuring initiation throughout the 
length of the molecule. Results indicated that the yield of 
double-stranded molecules constructed in this manner was similar to that 
achieved with more standard methods of construction. Furthermore, the 
size of molecules ranged up to at least 25 kb, indicating that very large 
cDNAs are possible to construct with this method. 
Additionally, three of the four libraries constructed utilized total 
RNA as substrate for cDNA synthesis, rather than poly-A"^  RNA. It is 
commonly reported that cDNA synthesis is much more efficient when 
contaminating proteins and non-polyadenylated nucleic acids are removed by 
chromatography prior to cDNA construction. However, I did not find this 
to be the case. Furthermore, the selection of poly-A"*" molecules 
introduces two potential problems. First, it is not known whether titin's 
mRNA is polyadenylated; if it is not, it would then be selected against in 
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the oligo-dT chromatography. Secondly, if the mRNA is sheared prior to 
chromatography, the majority of its coding region might then be lost. On 
the other hand, a drawback of eliminating the poly-A"*" selection step is 
that a large amount of useless ribosomal RNA will be transcribed, and the 
library size must therefore be expanded to assure the presence of all 
sequences. 
For cloning and screening, cDNA was inserted into Xgtll. This vector 
was chosen because it has proven to be a successful general transducing 
expression vector. A total of 20 putative positive clones were identified 
from the four libraries constructed, and one clone from the nuclease-
digested cardiac library, vas retested and isolated. The remaining 19 
clones remain to be retested, but it is likely that the majority of these 
will not be true positives, as the original color development reactions 
were not dark. However, final determination of the status of these other 
clones remains to be elucidated. Because the positive clone was derived 
from one of the two heart libraries, the second heart library was not 
screened and remains available for further experiments. 
It is relevant that the positive clone was isolated from the heart 
library that had been digested with restriction enzymes to reduce its 
average size. It is conceivable that this will be a useful step for 
isolation of the cDNA for other large proteins, since inserts larger than 
7 kb are useless for cloning into Xgtll. This would be particularly 
indicated if initial attempts at isolation fail. 
Finally, several experiments were done to characterize the positive 
clone from the cardiac library. These additional experiments demonstrated 
that the positive clone recognized by the anti-titin contains an insert of 
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228 base pairs, that the fusion protein coded for by the recombinant is 
recognized by antl-tltln on a Western blot, and that radiolabeled DNÂ 
derived from the clone recognizes a large RNA species on a Northern blot, 
consistent with tltln's large molecular weight. These experiments provide 
evidence to demonstrate that this clone contains an Insert coding for 
tltln. It should also be noted that both the sequence studies and the 
results of the Immunoblot of the fusion protein have been confirmed 
independently by another graduate student, Kuan Tan, working in Dr. 
Hulatt's laboratory. 
Thus, the original goal of obtaining a cDNA probe for titin was 
achieved. The Isolation and initial characterization of this probe should 
provide the basis for additional efforts to obtain larger probes and to 
obtain the entire coding sequence for cardiac muscle titin. 
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